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ABSTRACT 

Atomic  and  molecular  materials  exhibit  complex  behavior  when  exposed  to 
strong  externally  applied  fields.  A  research  program,  whose  goal  is  the  understanding 
of  the  nonlinear  processes  governing  the  coupling  of  intense  radiation  to  atomic 
and  molecular  matter,  is  currently  underway  at  the  University  of  Illinois  at  Chicago. 
The  general  amplitude  under  study  is  NY  +  X  •*  +  qe’  +  V,  a  class  of  processes 

which  involves  ionization  with  the  collateral  production  of  energetic  electrons  and 
radiation.  Recently  developed  ultraviolet  light  sources  are  enabling  the  attainment 
of  focal  intensities  such  that  the  strong-field  regime  (e  >  >  e/a^)  can  now  be 

systematically  studied.  This  is  a  completely  unexplored  regime  of  interaction 
experimentally  and  one  in  which  current  theoretical  descriptions  provide  little 
guidance.  It  was  anticipated  that  such  conditions  would  produce  unusual  excited 
states  of  matter  and  that  expectation  has  been  confirmed  by  recent  experimental 
findings  revealing  the  direct  multiphoton  production  of  inner-orbital  (2ttg'1) 

excited  states  of  N2*  and  N2T  Indeed,  it  can  be  shown  that  the  strong-field 
coupling  represents  a  unique  mode  of  interaction  which  combines  (1)  the  application 
of  strong  electromagnetic  forces  with  (2)  a  very  small  collateral  transfer  of 

energy.  This  regime  is  impossible  to  achieve  with  charged  particle  collisions  or 
with  low  intensity  radiation  of  any  frequency.  Interactions  of  this  type  are 
particularly  effective  in  exciting  electronic  motions  along  specific  molecular  axes 
enabling  the  generation  of  new  forms  of  highly  excited  matter  regardless  of 

molecular  structure  or  composition. 
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I.  INTRODUCTION 


The  response  of  atomic  and  molecular  materials  to  intense  short-pulse  radiation 
is  an  active  area  of  inquiry.  A  subject  of  marked  interest,  in  which  multiquantum 
and  strong-field  processes  can  play  a  significant  role,  concerns  the  mechanisms 
leading  to  the  production  of  electronically  excited  states,  particularly  inner-shell 
excitations  which  radiate  in  the  x-ray  region.  Roughly  speaking,  we  are  interested 
in  the  physical  regime  involving  intensities  %  10l*  W/cm2  so  that  the  peak  field 

strength  e  is  significantly  above  an  atomic  unit  {e/a\).  The  experimental  picture,1 
as  outlined  in  Appendix  A,  is  now  such  that  this  regime  can  be  systematically 

studied  and  this  document  proposes  a  program  of  research  whose  goal  is  the 

understanding  of  these  strong-field  phenomena. 
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It  has  been  suggested  that,  for  sufficiently  strong  coupling,  fundamentally 

different  nonlinear  modes  of  direct  electronic  excitation  may  occur.  The  experimental 
results  of  two  recent  studies,  one  involving  ion  production6  and  the  other  concerning 
fluorescence,7  have  produced  strong  confirming  evidence  for  this  hypothesis  with 
the  unambiguous  observation  of  the  direct  generation  of  2ag  holes  in  N2.  The  ion 
studies  are  described  in  Appendix  B  and  important  new  findings  stemming  from 
the  analysis  of  the  fluorescence  spectra  of  N2  are  c'-t-  ssed  below  in  Section  II. B. 
Indeed,  the  main  conclusions  that  emerge  from  the  sideration  of  these  results 
is  (1)  that  inner  electrons  can  be  directly  excited  and  (2)  that  the  strong-field 

coupling  is  qualitatively  different  from  those  that  can  be  generated  by  other 
forms  of  interaction,  particularly  charged  particle  collisions,  even  though  the 
force  field  can  be  of  comparable  peak  strength  in  the  collisional  case.  Consequently, 
the  strong-field  interaction  characterizes  a  unique  regime  of  molecular  interaction 
enabling  the  efficient  production  of  new  forms  of  highly  excited  atomic  and 
molecular  matter. 
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II.  DISCUSSION  OF  RESEARCH 

A.  High  Intensity  Subpicosecond  Ultraviolet  Light  Source 
The  capabilities  of  the  light  source  which  we  are  now  using  in  our  research 
are  described  in  Appendix  A.  These  results  definitively  show  that  a  focal  intensity 
of  ~  2  x  iol»  W/cm2  is  now  achievable,  a  value  corresponding  to  an  electric  field 
amplitude  e  of  ~  24  (e/a2)  =  1.2  x  1011  V/cm.  This  intensity,  which  is  approximately 
one  thousand-fold  greater  than  that  characteristic  of  all  our  previous  work, 
clearly  opens  up  a  new  regime  of  interaction  and  permits,  for  the  first  time,  the 
systematic  study  of  processes  for  which  e  >  >  e/a|.  As  an  instrument  for  use  in 
the  study  of  strong-field  phenomena,  this  source  is  unique  world-wide.  The 
present  capability  of  the  source  enables  the  generation  of  a  maximum  intensity  I 
=  2  x  101*  W/cm2,  a  value  only  slightly  below  the  Compton  intensity8-10  (Ico  = 
4.5  x  1019  W/cm2)  at  248-nm. 

It  is  also  important  to  realize  that  this  light  source  is  not  operating  at  the 

limit  of  its  potential  and  that  relatively  straight-forward  improvements  can  significantly 

increase  the  maximum  focal  intensity.  Two  steps  are  planned  to  increase  the  available 
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intensity.  They  are  (1)  the  use  of  shorter  pulses  ’  (~  100  fs)  in  the  amplifier 

chain  and  (2)  the  optimization  of  the  large  aperture  (100  cm2)  power  amplifier  to 
further  increase  the  pulse  energy. 

We  now  compare  the  measured  parameters  of  the  currently  operating  system 
with  the  limiting  values  that  we  feel  the  system  can  attain  with  suitable  optimization. 
This  comparison  is  given  in  Table  I.  In  terms  of  the  maximum  electric  field,  or 
equivalently,  the  force  that  can  be  exerted  on  a  charged  particle,  the  present 
system  is  within  a  factor  of  ~  7.5  of  the  limiting  value  believed  to  apply  for  this 
instrument.  The  pulse  width  of  ~  600  fs  has  been  broadened  to  some  extent  by 
the  effect  of  group  velocity  dispersion  arising  from  the  optical  elements  associated 
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with  the  large  aperture  power  amplifier.  This  pulse  broadening  effect  can  be 

1 3—15 

eliminated  by  known  techniques  using  either  pi, sms  or  gratings.  In  addition, 
shorter  pulses  can  be  generated  with  a  modified  source  for  the  production  of  the 
seed  beam.  Certain  mechanical  and  electrical  changes  in  the  power  amplifier  are 
also  indicated  which  will  raise  the  output  energy.  The  resources  required  to 
implement  these  improvements  have  been  requested  from  another  agency. 


TABLE  I 

Comparison  of  Current  and  Projected  Operating 
Parameters  for  the  248-nm  System 


Parameter 

Current  Measured  Value 

Projected  Developed  Value 

Pulse  Energy  (J) 

~  0.350 

1.0 

Pulse  Width  (fs) 

-  600 

100 

Focal  Spot 

Diameter  (pm) 

<  1.7 

1.0  -  1.2 

Maximum 

Intensity  (W/cm2) 

2.0  x  1019 

-1021 

Maximum  Electric 

Field  (V/cm) 

~1.2  x  10“ 

-  9  X  10“ 

Pulse  Repetition 

Rate  (s'1) 

0.5 

1.0 

B.  Preliminary  Studies  of  Molecular  Excitation  Exhibiting  Direct  Multiquantum 
20g  Hole  Generation  in  Na 

1.  Ion  Studies  of  Na 

Experimental  results  now  exist  which  clearly  show  the  excitation  of  inner 
electrons  by  a  direct  multiquantum  process.  The  specific  system  illustrating  this 
process  is  Na  in  which  the  production  of  2ag  holes  has  been  detected  in  two 
different  experimental  studies.  The  initial  hint,  as  described  in  Appendix  B,  came 
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from  the  measurement®  of  kinetic  energy  distributions  of  ionic  fragments  produced 
in  Nj  which  indicated  the  presence  of  the  charge  asymmetric  channel 

N22*  — ►  N2*  +  N  (1) 

resulting  from  multiphoton  ionization.  Since  other  experiments1®  examining  soft 
x-ray  produced  fragmentation  of  N2  showed  that  process  (1)  corresponds  to  the 
production  of  a  two-hole  state  having  an  excitation  energy  of  ~  70  eV,  the  obvious 
implication  was  that  the  laser  excitation  produced  a  similar  configuration  of  molecular 
excitation.  The  states1^'1®  implicated  in  the  x-ray  studies1®  of  N2,  which  has  the 
ground  state  configuration  (I0g)2(lau)2(20g)2(2au)2(liru)“(30g)2,  were  1Zg[2ag"1, 
3Cg‘l],  lZu[2ag'\  2cru'1],  and  1TTu[2ag'1,  1iru'1],  all  involving  a  2og  hole.  We 
note  that  the  2og  orbital  has  a  binding  energy  of  37.7  eV,  a  value  considerably 
higher  than  the  2au  (l8  7eV),  1iru  (15.6  eV).  and  3ag  (l6.7eV)  orbitals.  Therefore, 
the  N22*  states  having  a  2og  vacancy  and  correlating  to  the  N2*  +  N  asymptote 
have  an  energy  substantially  above  the  lowest  manifold  of  states10  in  N22*  which 
are  associated  with  the  N*  +  N*  limit.  Furthermore,  it  has  been  noted20  that  the 
2o g  hole  is  a  highly  correlated  state  and  does  not  fit  a  quasi-particle  picture. 
This  makes  states  with  2ag  holes  of  particular  interest  in  studies  of  multiphoton 
coupling. 

2.  Fluorescence  Studies  of  N2 

The  preliminary  measurements  of  fluorescence  discussed  below  point  toward 
new  insights  into  the  mechanisms  of  multiphoton  excitation.  We  describe  below 
the  observation  of  a  very  intense  band  of  radiation  at  ~  55.8  nm  which  appears  to 
be  directly  related  to  the  mode  of  excitation  producing  the  charge  asymmetric 
fragmentation  represented  by  process  (1).  The  55.8-nm  emission  is,  at  the  outset, 
highly  unusual  in  one  obvious  respect.  Although  the  spectrum  of  N2  has  been 
studied  for  nearly  a  century1®  with  many  techniques  of  excitation,  we  have  been 
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unable  to  find  any  previous  '  report  of  such  a  characteristic  emission  originating 
from  material  composed  solely  of  nitrogen  atoms  or  molecules  in  either  neutral  or 
ionic  form.  From  this  fact  alone,  it  appears  that  the  observation  of  the  55.8  nm 
band  originates  from  the  excitation  of  a  new  class  of  states  and  that  the  strong 
production  of  these  levels  is  intimately  connected  with  the  basic  nature  of  the 
multiquantum  mechanism  involved  in  the  coupling  to  the  molecule.  This  line  of 
reasoning  and  its  implications  are  explored  in  the  following  discussion. 

The  fluorescence  spectra  observed  in  these  studies  have  been  recorded  in  the 
7  -  79  nm  range  using  an  experimental  configuration  previously  described.22  The 
spectral  resolution  of  the  spectrometer-detector  system  is  slightly  less  than  0.1 
nm  FWHM.  Typical  target  gas  densities,  produced  with  a  pulsed  valve,  ranged  from 
10“  -  6  x  1019  cm'3.  The  source  used  for  excitation  is  the  subpicosecond  (~  600 
fs)  KrF*  (248  nm)  system  described  in  Appendix  A.  The  peak  intensities  produced 
by  the  focusing  lens  used  in  these  preliminary  experiments  were  estimated  to  be  in 
the  10l*  -  1017  W/cms  range,  a  value  which  corresponds  to  a  field  strength  on 
the  order  of  one  atomic  unit  (e/ao). 

a.  Overall  Character  of  55.8-nm  Emission 

A  section  of  the  N2  spectrum  exhibiting  the  anomalous  55.8-nm  feature  is 
shown  in  Fig.  (1).  The  spectrum  in  this  range  has  several  salient  characteristics: 
(1)  a  characteristic  frequency  that  does  not  match  any  known  transition  arising 
from  an  atomic,23  molecular,18  or  ionic23  species;  (2)  an  anomalously  large  linewidth 
(~  0.3  nm  FWHM);  and  (3)  an  integrated  intensity  comparable  to  the  strongest 
lines  observed  throughout  the  entire  spectral  region  (7  -  79  nm)  studied.  Since 
research  grade  Na  was  used,  the  55.8-nm  line  could  not  reasonably  be  associated 
with  impurities. 


5 


Intensity  [Arb.  units] 


At  the  intensities  used  in  this  experiment,  the  irradiation  of  N2  produces 
abundant  quantities  of  atomic  nitrogen  ions  which,  subsequently,  can  be  excited 
through  collisional  processes  in  the  resulting  plasma.  If  the  55.8-nm  feature  were 
generated  by  collisional  excitation  and/or  recombination  producing  an  excited  atomic 
nitrogen  atom  or  ion,  the  line  would  arise  naturally  from  the  irradiation  of  any 

molecule  containing  substantial  quantities  of  nitrogen.  Conversely,  if  the  excited 
state  production  depended  specifically  upon  the  irradiation  of  N2,  other  substances 
would  be  ineffective  in  producing  the  anomalous  band  or,  perhaps,  lead  to  a 
modified  appearance  depending  upon  the  molecular  structure.  In  order  to  evaluate 
this  molecular  dependence,  the  experiment  was  repeated  with  N20.  This  was  done 
for  the  same  range  of  target  gas  density  so  that  both  the  heavy  body  and  resulting 
electron  densities  would  be  comparable  in  both  cases. 

The  spectrum  observed  around  56  nm  in  NaO,  for  the  same  conditions  of 
irradiation  as  those  used  for  Na,  is  shown  in  Fig.  (2).  In  comparison  to  Fig.  (1), 
the  important  features  are:  (1)  the  total  lack  of  the  55.8-nm  feature  in  the  N20 

spectrum;  (2)  the  clear  presence  of  a  known  N*  2p2  -  2p3d  (lF°)  (57.4  nm)  line  in 
both  the  N2  and  N20  data;  and  (3)  the  additional  presence  of  several  atomic 
oxygen  ion  (O’,  O3*)  lines  in  the  N20  spectrum.  Furthermore,  throughout  the 
entire  spectral  region  studied,  many  of  the  atomic  nitrogen  ion  lines  seen  in  N2, 
such  as  the  NT’  Li-like  transitions, ^.24  are  also  observed  in  N20.  These  observations 
support  the  conclusion  that,  while  much  of  the  atomic  ion  radiation  may  result 
from  plasma  processes,  the  55.8-nm  radiation  does  not. 

The  clear  implications  of  the  comparison  between  N2  and  N20  are:  (1)  that 

the  direct  irradiation  of  Ns  is  required  to  produce  the  55.8-nm  fluorescence,  and 

(2)  that  the  excited  state  production  is  sensitive  to  the  details  of  the  molecular 


structure. 
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Wavelength  [nm] 


Fig.  (2):  The  spectrum  observed  in  N20  in  the  56-nm  region  for  conditions  of 
Irradiation  identical  to  those  corresponding  to  the  data  shown  in  Fig. 
(1).  Several  atomic  nitrogen  and  oxygen  lines  are  identified  with  the 
dominant  feature  produced  by  0**  and  0**.  The  density  of  N20  used 
was  ~  10*'  cm*'. 
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In  addition  to  the  prominent  55.8-nm  transition,  eight  weaker  but  distinct  and 
previously  unidentified  lines  were  also  seen  in  N2,  but  not  in  N20.  The  natural 
implication  is  that  they  are  of  similar  origin.  Although  the  remainder  of  this 
discussion  is  mainly  devoted  to  determining  the  molecular  charge  state  and  levels 
producing  the  55.8-nm  line,  mention  will  be  made  of  these  other  anomalous  transitions 
in  order  to  support  the  physical  picture  motivated  by  these  findings, 
b.  Consideration  of  the  Molecular  Charge  State 

A  partial  diagram  of  the  potential  energy  curves  for  N2,  illustrating  the  specific 
states  referred  to  in  this  section,  is  shown  in  Fig.  (3).  The  neutral  N2  molecule 
can  be  ruled  out  immediately  as  a  source  of  the  55.8-nm  radiation.  Since  the 
observed  radiation  corresponds  to  a  transition  energy  of  22.2  eV  and  since  N2  has 
an  ionization  potential  of  15.6  eV,  it  is  expected  that  autoionization  would  effectively 
damp  such  a  transition. 
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Fig.  (3):  Poior*.i-j  energy  curves  for  Na  for  selected  states  of  Interest.  Two 

observed  transitions  Involving  a  20g  hole  are  Indicated.  Data  for  the 
curves  were  taken  from  a  variety  of  sources  (Rsf.  (17),  Ref.  (18),  and 
Ref.  (19)|  as  well  as  the  authors'  own  estimates.  Dissociation  limits  are 
given  for  reference. 
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Based  on  the  spectroscopy  of  N2  and  N2*,  the  binding  energies  associated 
with  the  liru,  3cJg,  2au,  and  20g  orbitals  are  15.6  eV.  16.7  eV,  18.7  eV,  and  37.7  eV, 
respectively.25  Thus,  the  removal  of  a  20g  electron  would  be  required  to  produce 
a  state  in  N2‘  capable  of  emitting  the  55.8-nm  radiation.  In  fact,  the  difference 
between  the  binding  energy  of  the  2tJg  orbital  and  the  energy  of  the  lowest  level 
in  N2*  (~  15.6  eV)  is  quite  close  to  the  energy  of  the  observed  radiation.  Since 
the  ionization  potential  of  N2*  is  -  27  eV,  a  state  involving  a  20g  hole  at  22.2  eV 
above  the  N2*  ground  state  would  not  autoionize  and  appears,  at  least  energetically, 
to  be  a  possible  origin  of  the  55.8-nm  emission.  However,  a  configuration  having 
a  single  excitation  comprised  of  a  2flg  hole  is  of  gerade  symmetry  and  since  the 
ground  state  of  Na*  is  X  2Ig*,  the  symmetries  of  these  configurations  strictly 

forbid  a  dipole  transition  between  them.  However,  we  observe  that  the  first 
excited  state  of  N2*  is  A  aTTu  and,  therefore,  could  be  a  dipole  allowed  lower 

level.  While  this  could  not  explain  the  55.8-nm  emission,  the  wavelength  of  a 

transition  terminating  on  the  A  21TU  state  would  be  at  ~  59.3  nm  and,  in  fact,  a  weak 
unidentified  line  is  observed  close  to  this  value,  at  59.2  nm  in  N2,  but  not  in 
N20.  Consequently,  this  radiation  presumably  arises  from  a  2Eg  state  in  Na* 
involving  a  20g  hole,  hereafter  referred  to  as  X'  2Eg.  Thus,  while  excited  Na* 
appears  to  be  produced,  a  clear  identification  could  not  be  made  from  this  charge 
state  for  the  dominant  55.8-nm  band. 

The  limitations  involving  an  assignment  of  the  55.8-nm  feature  to  the  Na* 
system  vanish  if  Na2*  is  considered.  Extensive  calculations19  exist  on  the  properties 
of  low  lying  Naa*  levels  around  45  eV  and  less  complete  results  for  the  levels 

involving  a  2Cg  hole  at  higher  energies  are  also  available.17  As  determined  in  the 
synchrotron  studies,16  these  upper  levels  cluster  in  the  vicinity  of  70  eV  and, 
therefore,  have  an  energy  scale  sufficient  for  a  transition  of  ~  22  eV.  Furthermore, 
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states  of  all  symmetries  exist  in  these  two  energy  bands  so  that  opportunities  for 
transitions  obeying  normal  dipole  selection  rules  exist.  Finally,  since  Na3‘  and  higher 
charge  states  of  the  molecule  do  not  support  any  bound  levels,  Na2*  emerges  as 
the  most  natural  and,  indeed,  only  candidate  for  the  observed  transition. 

c.  Analysis  of  the  Specific  Levels 

Previous  work®  on  multiphoton  ionization  of  Na  indicated  that  at  least  some 
of  the  upper  levels  in  Na2*  having  a  2ag  hole  are  produced  directly  by  a  multiphoton 
process.  Although  many  of  these  states  are  possible  candidates  for  the  upper 
level  of  the  55.8-nm  transition,  most  can  be  eliminated.  Auger-electron/ion 
coincidence  studies16  of  Na  show  that  all  of  the  2 ag  hole  states  in  the  70-eV 

energy  range  produced  through  KLL  Auger  processes  dissociate  rapidly  into  N2*  + 
N.  Thus,  all  the  states  in  this  region  observed  in  Auger  work  would  be  expected 
to  have  a  very  low  radiative  yield.  In  addition,  the  observed  line  has  a  large  width 
which,  as  argued  below,  appears  to  rule  out  a  single-to-single  transition,  assuming 
that  the  transition  is  bound-bound.  Of  the  2 og  hole  states  calculated  in  Ref.  (17), 
there  is  only  gnfi  triplet  state  in  the  correct  energy  range  which  has  not  been 
identified  from  Auger  work:  the  3ITU  state  with  a  dominant  electronic  configuration 
(2ag'1,  1iru'1),  hereafter  designated  A'  3TTU.  Selection  rules  would  then  require  a 
lower  level  with  triplet  gerade  symmetry. 

Calculations1  ^  of  the  lower  levels  of  Na2\  which  correlate  to  the  N*  +  N* 

asymptote,  show  the  existence  of  several  states  having  the  correct  symmetry  to  be 
the  lower  state  of  the  55.8-nm  transition.  With  the  upper  state  identified,  the 
observed  transition  energy  can  be  used  to  distinguish  among  these  possible  lower 

levels.  The  energy  scales  of  Ref.  (17)  and  Ref.  (19)  are  reconciled  by  matching 

the  energy  of  the  a'lg  level,  which,  in  Ref.  (19),  is  found  to  be  42.9  eV  above  the 
Na  ground  state.  This  places  the  upper  state  of  the  55.8-nm  transition  at  an 
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energy  of  68.5  eV  and  the  lower  state  at  a  corresponding  value  of  46.3  eV.  The 
D  aTTg  state  of  Na2*,  the  lowest  of  that  symmetry  with  an  electronic  configuration 
(2ou  l.1iru'1),  is  calculated1®  to  be  at  46.44  eV,  and  thus,  is  determined  to  be  the 
lower  level  of  the  55.8-nm  transition.  Independent  calculations2®  of  these  states 
give  a  transition  energy  of  21.9  eV,  a  value  in  quite  close  agreement  with  the  above 
results. 

Other  dipole-allowed  lower  states  exist,  such  as  the  A  3Zg',  E3lTg,  and  G3TTg. 
While  these  cannot  be  the  lower  level  of  the  55.8-nm  feature,  it  is  possible  to 
associate  several  of  the  weaker  and  otherwise  unidentified  lines  uniquely  observed 
in  Na  to  transitions  involving  these  states.  These  assignments  are  presented  in 
Table  II.  It  is  interesting  to  note  that  one  of  the  transitions  in  Table  II,  referred 
to  above  in  Section  II.B.2,b,  involves  Na*.  a  case  which  implies  that  the  2pg 
electron  is  removed  without  the  additional  loss  of  anv  valence  electrons. 
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TABLE  II 


Assignment  of  Observed  Transitions  to 
States  of  Molecular  Nitrogen  Ions 


Observed 

Wavelength 

(nm) 

Energy 

(eV) 

Identification* 

Vibrational* 
Levels  (v  -  v’) 

Electronic 

Configuration** 

67.57 

18.35 

Ns2*:A'3ITu~G3TTg 

0  - 

1 

2V1  Uu"'~2aul  1iru‘l 

59.15 

20.96 

N,1**'  2Zg-  a  2nu 

0  - 

0 

V"iv‘ 

57.16 

21.69 

Naa*:A'  3nu  -  E  3TTg 

0  - 

1 

tog1  iVl-2au‘l  IV1 

57.02 

21.74 

Naa*:A’  3nu  -  E  3Hg 

0  - 

0 

Mg1  1iru'l-2au‘l  nru'1 

55.84 

22.20 

Na2*:A’  3nu  -  o  3ng 

0  - 

0 

20g'1  iV'V  1lTu’1 

55.21 

22.46 

Naa*:A’  SITU  -  D  3ng 

1  - 

0 

2®g*1  lTTu*l-2au*1  1iru'1 

54.76 

22.64 

Naa*:A'  aTTu~D3!Tg 

2  - 

0 

ZtTg'1  1V‘-V  ^u'1 

48.56 

25.53 

Naa*:A’  3TTu  -  A  3Zg’ 

0  - 

0 

2ag-l1iru-1-  *** 

*  Using  calculations  from  Ref.  (19)  and  authors'  estimates 
**  Determined  from  Ref.  (17) 

***  Lower  state  not  included  in  Ref.  (17) 


Qualitatively,  the  relative  strengths  of  the  molecular  features  can  be  accounted 

for  by  the  overlap  of  the  wavefunctions  involved  in  the  transitions.  Basically, 

the  transition  producing  the  55.8-nm  radiation  is 

2 V1  — ’  2tJu'1  +  Y,  (2) 

a  case  which  has  a  very  favorable  overlap,  a  fact  that  can  be  seen  directly  by 
26  27 

visualization  ’  of  the  wavefunctions  of  those  two  orbitals.  This  situation  is 
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similar  to  that  governing  the  transition  strengths28  associated  with  KrF*  in  which 
the  2E  —  2Z  amplitude  dominates  on  account  of  the  extremely  good  overlap28 
existing  for  these  wavefunctions.  In  contrast,  the  X'  2Ig  -  A  2TTU  transition  in 
N*  corresponds  to  2ag‘l  —  1  iru-1.  In  this  transition,  the  amplitude  is  expected 
to  be  relatively  weak,  since  the  wavefunctions  of  the  initial  and  final  states  have 
a  poor  overlap27  resulting  in  a  small  transition  probability.  Finally,  of  the  lower 
states  with  a  2 au  hole  (D,E,G  3TTg),  the  D  3ITg  state  has  the  best  internuclear 
separation  for  a  favorable  Franck-Condon  factor,  a  point  that  is  discussed  below. 
With  these  considerations,  it  is  clear  that  the  strongest  transition  in  Table  II  will 
be  the  A'  3ITU  -  D  3TTg  at  55.8  nm. 

The  hypothesis  that  emerges  from  this  analysis  is  that  the  55.&-nm  radiation 
originates  from  a  quasi-bound  level  of  Na2*  having  a  (2ag'l,1iru"1)  configuration 
which  undergoes  a  bound-bound  transition  terminating  on  the  D  *TTg  level  associated 
with  the  N*  +  NT  asymptote.  In  addition,  the  previous  studies  of  ionic  fragmentation,6 
combined  with  the  absence  of  the  transition  under  comparable  experimental  conditions 
with  N20,  indicate  that  the  2ag  vacancy  is  produced  by  a  direct  multiphoton  process 
in  N2  leading  to  an  excited  state  of  (N2*  +  N)  character. 

d.  Analysis  of  the  Transition 

Having  specified  the  states  involved  in  the  observed  transition,  several 

additional  details  have  been  examined,  all  of  which  strengthen  the  identification 

made  above  and  make  possible  the  construction  of  the  energy  level  diagram  shown 

in  Fig.  (3).  The  width  of  the  55.8-nm  line  cannot  be  due  to  vibrational  structure 

as  the  spacing  of  the  lines  would  be  too  large.28  On  the  other  hand,  a  splitting 

29—30 

due  to  rotations  would  be  too  small.  In  fact,  the  only  Interaction  with  the 

correct  energy  scale  to  explain  the  width  of  the  55.8-nm  line  is  the  spin-orbit 
interaction.31  Since  the  A'  *TTU  state  appears  to  correlate  with  the  N2*  +  N  asymptote, 
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we  can  estimate  the  spin-orbit  splitting32  by  that  of  the  N2*  *^2,1,0  triP|et-  the 
value  of  which  is  -  175  cm"1.  Taking  into  account  the  spin-orbit  splitting,  as 
well  as  the  resolution  of  the  spectrometer-detector  system,  the  transition  would 
have  an  observed  width  of  ~  0.2  nm.  Although  this  is  slightly  less  than  the 
observed  width  of  the  55.8-nm  line,  the  flat  nature  of  the  D  3ng  level  may  contribute 
some  additional  bound-free  character  to  the  transition  which  would  increase  its  width. 

The  55.8-nm  band  arising  from  the  A’  31TU  -  D  3TTg  transition  has  several 
properties  that  are  directly  analogous  to  the  rare-gas-halogen  excimers.  The  A’ 
state  with  a  charge-transfer  (N2*  +  N)  nature  tends  naturally,  as  a  consequence 
of  the  polarization  attraction,  to  develop  a  strong  binding  character.  Conversely, 
the  D  level,  which  correlates  to  the  N*  +  N*  asymptote,  tends  to  be  repulsive  on 
account  of  the  coulombic  force.  The  difference  between  these  two  states  is  the 
transfer  of  one  electron  between  the  two  atoms.  Viewed  in  analogy  with  neutral 
systems,  the  upper  level  (N2*  +  N),  on  account  of  the  charge  transfer,  represents 
an  ionic  bond  in  comparison  to  the  relatively  less  bonding  forces  in  the  lower  (N* 
+  N*)  state.  With  this  line  of  reasoning,  the  radiative  transition  between  the  two 
levels 

A’  3nu  - ►  D3ng  +  Y  (55.8  nm) 

—  N*  +  N*  (3) 

amounts  to  a  transfer  of  an  electron  from  one  atom  in  the  molecule  to  the  other. 

This  results  in  a  dipole  transition  amplitude  y  which  is  given  approximately  by  the 

product  of  the  molecular  internuclear  separation  r  and  the  electronic  charge  e. 

If,  in  this  case,  r  =  r0,  the  equilibrium  value  for  N2,  y  would  be  approximately 

equal  to  er0,  a  very  large  value28  that  would  naturally  lead  to  efficient  emission 

and,  consequently,  a  bright  line  in  the  experimental  data.  This  value  of  the 
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dipole  amplitude  sets  a  lower  bound  of  ~  20  psec  on  the  radiative  lifetime33  associated 
with  the  55.8-nm  band. 

Experimental  data  taken  at  high  pressure  provides  an  upper  bound  for  the 
radiative  lifetime.  The  spectrum  in  Fig.  (1),  taken  at  a  target  gas  density  of  ~ 
1.4  x  1019  cm'3,  shows  a  strong  feature  at  57.44  nm  corresponding  to  the  N*  2pa 
-  2p3d  (*F°)  transition.23  The  radiative  lifetime34  of  the  2p3d  C F°)  state  is  ~ 
285  ps.  However,  in  a  spectrum  taken  at  the  higher  density  of  ~  5.7  x  101* 
cm'3,  the  relative  strength  of  the  57.44-nm  N*  line  has  decreased  significantly  in 
comparison  to  the  55.8-nm  N2a*  band.  We  presume  that  collisional  processes  are 
now  sufficiently  rapid  and  can  compete  with  the  radiative  channel.  If  we  assume 
that  a  comparable  collisional  cross  section  governs  the  quenching  of  the  N2a* 
A’  STTU  level,  the  change  in  relative  strengths  of  the  molecular  and  atomic  emissions 
indicates  that  the  radiative  lifetime  of  the  N2a*  (A1)  level  is  somewhat  less  than 
the  N*  2p3d  (‘F0)  state.  With  these  two  bounds,  the  radiative  lifetime  of  the  N2 
A'  3TTu  level  is  estimated  to  be  ~  100  ps. 

The  shape  of  the  A'  3TTU  potential  energy  curve  can  be  estimated18  from  the 
A  aTIu  state  in  N2*  on  account  of  their  similar  electronic  configurations.  The 
only  difference  between  these  two  configurations  is  the  presence  of  a  2<Jg  hole  in 
the  A'  *TIU.  Since  the  2<Jg  hole  is  rather  deeply  bound,  its  influence  on  the 
molecular  bond  and,  consequently,  on  the  shape  of  the  A’  *!TU  curve,  is  expected 
to  be  small.  With  this  consideration,  the  vibrational  constants  of  these  two 
levels,  at  least  for  low  vibrational  states,  would  be  approximately  equal  with  a 
magnitude  of  ~  1900  cm'1,  the  value35  for  the  N2  A  alTu  state.  Furthermore,  the 
equilibrium  internuclear  separation  of  the  A'  3TTU  state  would  be  close  to  that  of 
A  alTu,  which  for  the  latter  is  ~  1.2  A.  The  lower  state,  D  *ITg,  is  also  calculated19 
to  have  an  equilibrium  separation  of  ~  1.2  A  and  only  gng  vibrational  level.  The 
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nearly  equal  equilibrium  separations  of  these  two  levels  (A'  and  D)  naturally 

makes  the  Franck-Condon  factor  largest  for  the  v  =  0  to  v'  =  0  transition  with 

reduced  probabilities  for  the  1  -  0  and  2-0  transitions.  For  this  situation,  the 

resulting  vibrational  spectrum  would  have  a  main  line  at  55.8  nm  and  perhaps  two 

weaker  blue  shifted  lines  at  55.3  nm  and  54.7  nm.  Precisely  this  pattern  of  lines 
is  seen  in  Fig.  (1).  This  assignment  also  indicates  that  the  molecular  excitation  occurs, 
at  least  up  to  an  energy  of  ~  70  eV,  with  only  a  very  modest  (~  0.1  A)  expansion 
of  the  intermolecular  separation,  a  finding  in  agreement  with  the  earlier  ion  studies.6 

A  confirmation  of  this  analysis  of  the  vibrational  structure  comes  from  a 
close  examination  of  the  spectrum  of  NaO.  Although  these  three  lines  in  the  55- 
nm  region  are  not  seen  in  NaO  at  1.4  x  10l*  cm'3  (the  typical  density  used  in 
these  studies),  at  5.7  x  101*  cm"3  the  lines  do  appear,  implying  that  there  Is  a 

small  probability,  compared  to  Na,  of  producing  excited  Naa*  from  NaO.  This  is 
not  entirely  unexpected,  since  the  structure  of  NaO  is  N-N-0  and  the  adiabatic 
binding  energy36  of  the  oxygen  atom  is  quite  weak  (~l.67eV).  However,  the  55.3- 
nm  line  is  now  the  strongest,  next  the  55.8-nm,  with  the  54.7-nm  line  the  weakest. 
This  alteration  in  line  strength  can  be  attributed  to  the  fact  that  the  equilibrium 

internuclear  separation  of  the  N  atoms  in  NaO  is  somewhat  greater36  than  in  Na, 
a  condition  which  would  change  the  Franck-Condon  factors,  favoring  the  1-0 
transition  and  decreasing  the  0-0  transition. 

We  note  that  this  identification  also  leads  to  a  fuller  understanding  of 
another  experiment,  namely,  the  previous  work  on  the  multiphoton  ionization6  of 
Na.  The  D  *TTg  (v'  =  0)  state  is  predicted19  to  have  a  lifetime  against  dissociation 
into  the  N*  +  N*  channel  of  ~  10'13  s.  Therefore,  any  D  *ITg  produced  by  radiative 

decay  of  the  A'  *TTU  state  will  manifest  itself  as  a  contribution  to  the  N*  ion 

spectrum  at  an  energy  that  is  readily  derived  from  knowledge  of  the  D  *lTg  minimum 
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and  the  corresponding  N*  +  N*  asymptote.  Since  the  D  3TTg  has  a  potential 

minimum  of  -  46.4  eV  and  the  N*  +  NT  limit  is  at  ~  38.8  eV,  the  expected  N* 
energy  is  -  3.8  eV,  one  half  the  difference. 

The  N*  ion  data  observed  in  the  previous  study6  are  reproduced  in  Fig.  (4). 

It  is  noted  that  a  clearly  discernable  peak  is  seen  in  the  3.7  -  3.8  eV  range  with 
a  width  corresponding  closely  to  the  estimated  instrumental  resolution  (~  0.5  eV). 

While  this  peak  could  be  attributed  to  direct  population  of  the  D  level,  it  was 
not  seen  in  photofragment  spectroscopy67  of  N22*.  In  contrast,  N*  fragments  in 
the  3.1  -  3.4  eV  range  associated  with  low  lying  levels  of  N22*  were  seen  in  both 
experiments  implying  that  the  3.8  eV  peak  does  not  result  from  the  direct  population 
of  the  D  3ng  state.  These  data  are,  then,  consistent  with  D  3TTg  being  the  lower 
level  of  the  55.8-nm  transitions.  In  addition,  the  integrated  strength  of  the  3.7- 

3.8  eV  ion  peak  is  roughly  one  percent  of  the  total  ion  yield,  a  value  in  approximate 
agreement  with  the  fractional  yield  of  the  55.8-nm  band  observed  in  the  total  Na 
fluorescence  spectrum. 

C.  Consideration  of  the  Multiquantum  Strong-Field  Mode  of  Excitation 

Two  important  conclusions  concerning  the  character  of  strong-field  multiquantum 
coupling  stem  from  the  discussion  given  In  Section  II. B  above.  They  involve  (1) 
the  ability  to  selectively  excite  inner  electrons  and  (2)  the  general  nature  of  the 
strong-field  coupling  to  molecules. 

1.  Inner-Electron  Excitation 

The  observation  of  new  band  radiation  at  55.8  nm  from  transitions  involving 
inner-orbitals  In  N*  and  N2*,  produced  by  a  direct  multiphoton  process  involving 
N2  in  reactions  of  the  form 
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Ion  Current  [Arb.  Units) 


Fig.  (4):  Kinetic  energy  distribution  of  N*  fragments  from  Ref.  (6)  showing  the 
peak  at  3.B  eV  Identified  in  this  proposal.  The  peak  around  3.2  eV  Is 
discussed  In  the  text,  Ref.  (37)  and  Ref.  (19).  The  structure  above  4.0 
eV  Is  discussed  In  Appendix  6. 
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nY  +  Na  (X  lEg)  -  Na  (2ag'1)  +  e 


(4) 


and 

nY  +  N2(X  lEg)  -  N2a*  (2ag‘1,  liru'1)  +  e*  +  e',  (5) 

provides  strong  evidence  that  deeply  bound  electrons,  in  this  case  2ag,  can  be 
directly  excited4'38  by  strong-field  processes  without  extensive  loss  of  more 
weakly  bound  outer  valence  electons.  It  is  expected  that  this  feature  of  the 
interaction  will  manifest  itself  in  many  materials  and  further  experiments  are 
being  undertaken  to  test  this  hypothesis.  Conventional  pictures  of  multiphoton 
processes,  particularly  those  involving  the  sequential  emission  of  outer  electrons 

from  the  system,  do  not  provide  a  basis  for  understanding  these  results.  Moreover, 
although  N2  has  been  one  of  the  most  common  subjects  of  spectroscopic  analysis 
for  nearly  a  century,  it  is  striking  that  the  55.8  nm  band  was  one  of  the  strongest 
features  in  the  spectrum,  but  had  never  previously  been  observed.  These  facts 
suggest  the  presence  of  an  important  new  feature  in  the  mechanism  of  coupling. 

We  now  examine  that  aspect. 

2.  General  Features  of  Strong-Field  Coupling 

In  addition  to  providing  specific  data  on  N2  and  its  ions,  the  information 
obtained  from  the  studies  of  ion  production6  and  fluorescence  described  above  in 
Section  II. B  leads  to  an  important  general  statement  concerning  the  basic  character 
of  molecular  multiphoton  interactions  in  the  strong-field  (e  >  e/a0a)  regime. 
Through  comparison  with  electron  and  ion  collisional  processes,  it  will  be  shown 

that  there  Is  a  large  class  of  excitations  which  can  be  strongly  excited  only  by 

strong-field  coupling.  Therefore,  new  states  of  excitation  uniquely  produced  by 
the  strong-field  mode  of  interaction  are  generally  expected  for  all  molecular 
materials  regardless  of  structure  or  composition.  Furthermore,  it  will  be  seen 
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that  the  excited  states  produced  naturally  by  this  form  of  interaction  will  commonly 
embody  highly  asymmetric  charge  distributions. 

The  comparison39  with  charged-particle  collisions  can  be  accomplished  in  two 
ways,  both  of  which  express  different  aspects  of  the  dynamics  of  coupling.  One 
examines  the  pattern  of  the  electric  force  developed  during  the  collision  while 

the  other  represents  the  encounters  graphically  in  terms  of  variables  describing 

(1)  the  maximum  electric  field  em  produced  and  (2)  the  energy  transfer  Et 
communicated  to  the  molecular  system  during  the  collisional  event. 

Consider  the  ion-molecule  (N2)  collisional  process  illustrated  in  Fig.  (5a) 
involving  an  ion  having  charge  Ze  and  velocity  v  colliding  with  impact  parameter 
b.  We  assume  that  the  ion  follows  a  classical  straight-line  trajectory  approximately 
perpendicular  to  the  molecular  axis.  As  the  collision  proceeds,  the  electric  field 
from  the  ion  experienced  by  the  molecule  varies  appreciably  in  both  magnitude 

and  direction.  Only  at  point  B  on  the  trajectory  is  the  field  aligned  along  the 

molecular  axis.  Otherwise  the  direction  of  the  force  on  the  molecular  electrons 
deviates  considerably  from  the  molecular  axis.  The  situation  can  be  made  more 

favorable  for  the  excitation  of  electronic  motions  along  the  molecular  axis  by 

going  to  large  impact  parameter  (b  >  >  r0),  but  then  the  maximum  collision  field 

Ze 

em  =  (6) 

is  greatly  reduced. 

The  electric  field  of  a  short-duration  (Tp)  intense  pulse  of  radiation  polarized 

along  the  molecular  axis  represents  a  qualitatively  different  type  of  interaction. 

In  this  case,  the  resulting  force  field  acts  primarily  to  excite  electronic  motions  along 
the  molecular  axis.  For  a  sufficiently  short  pulse,  normally  in  the  tp  <  1  ps  range, 
the  effect  of  molecular  rotation  for  thermally  excited  levels  at  normal  tempertures 
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Fig.  (5):  Geometry  of  ion-molecule  (N2)  collisions  showing  the  changing  electric 
fields  experienced  by  the  target  during  the  collision  event.  (a)  Ionic 
trajectory  perpendicular  to  molecular  axis;  (b)  ionic  trajectory  parallel 
to  molecular  axis. 


23 


is  negligible  for  almost  all  molecular  materials.  This  can  be  seen  by  noting  that 
molecular  rotational  frequencies  vr  are  given  approximately  by  \>r  =  2BJ  for  rotational 
constant  B  and  angular  momentum  J.  With  the  exception  of  the  hydrides,  if  we 
take  B  ~  1  cm'1  as  a  typical  value,36  \>rtp  <<  1  even  for  J  =  10. 

Further  comparison  is  shown  in  Fig.  (5b)  for  the  case  involving  a  parallel 
orientation  of  the  ionic  trajectory  and  the  molecular  axis.  The  main  effect  in 
this  orientation  is  a  force  transverse  to  the  molecular  axis.  Although  the  field 

can  have  an  appreciable  component  along  the  molecular  axis  in  the  limit  b  -  0, 
this  situation  has  a  vanishing  probability  of  collision.  In  addition,  as  shown 
below,  such  close  encounters  with  charged  particles,  particularly  ions,  differ  from 
the  strong-field  coupling  in  another  important  way,  since  they  generally  impart  a 

substantial  recoil  energy  to  the  molecular  system.40  In  sharp  contrast,  the  strong- 

field  coupling,  although  capable  of  exerting  a  force  with  a  magnitude  representative 

of  ion  collisions,39  is  extremely  ineffective  in  transferring  kinetic  energy  directly 
to  the  target  molecule  or  its  constituent  atoms. 

The  differences  between  the  charged-particle  collislonal  processes  and  the 

strong-field  radiative  interaction  can  be  further  understood  by  determining  the 
relationship  between  kinetic  energy  transferred  to  the  target  a/siem  and  the 

strength  of  the  peak  electric  field  occurring  in  the  interaction.  To  find  this 

relationship,  these  two  processes  can  be  parameterized  by  the  peak  field  strength, 
em,  and  the  effective  duration  of  the  interaction,  t.  For  a  given  field  strength, 

we  set  the  interaction  times  equal  for  the  two  processes  so  that  the  comparison 
is  made  for  a  fixed  transition  probability.  In  the  case  of  the  strong-field  process, 
the  studies  of  ion  fragmentation6  described  in  Appendix  B  indicated  that  the 
interaction  time  can  be  taken  as  approximately  comparable  to  a  period  of  the 


electromagnetic  wave  t  =  X/c,  while  the  corresponding  field  strength  is  given  by 

em  =  (4irl/c)1/2  in  which  I  is  the  laser  intensity. 

For  the  charged  particle  collisions,  we  consider  a  process  of  the  form 

AZl+  +  B  — ►  AZl+  +  BZa+  +  Z2e'  (7) 

in  which  a  projectile  ion  A  of  charge  collides  with  a  neutral  system  B  at  rest 

producing  a  recoiling  ion  BZ2+  with  the  collateral  generation  of  Z2  electrons. 

The  recoil  energy  Et  of  the  target  system  B,  for  a  projectile  with  energy  E  at 

40  41 

impact  parameter  b,  is  given  ’  approximately  by 


z,5z,Vma 

EMBb3 


(8) 


with  Ma  and  MB  representing  the  masses  of  the  particles  A  and  B,  respectively, 
and  e  denoting  the  electronic  charge.  The  time-scale  of  the  collisional  Interaction 
will  be  given  by 


The  combination  of  Eqs.  (6),  (8),  and  (9)  gives  the  desired  relationship  between  Et 
and  em,  namely, 


z,V 


E»  = 


2  2 
re 


Me 


m 


(10) 


Interestingly,  the  energy  transfer  Et  is  independent  of  the  nature  of  the  charged 
projectile.  The  final  connection  between  the  strong-field  interaction  and  the 
charged-particle  collision  is  obtained  by  setting  the  time  scale  of  the  collision 
equal  to  X/c  which  yields 

(e2/a0)2  \  /  X  3 
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where  f  is  the  maximum  field  strength  in  atomic  units. 

The  validity  of  Eq.  (11),  for  the  simple  collisional  picture  used,  requires  that 

Aq 

-  <<  1  (12) 

mAvA 

where  Aq  is  the  momentum  transfer  occurring  in  the  collision  and  v^  is  the 
velocity  of  the  projectile.  Using  Eqs.  (6),  (10),  and  (11),  we  find  that 


If  we  take  Z^/Zx  ~  1  as  a  characteristic  example,  Eq.  (12)  is  satisfied  for  f  <  30. 
Actually,  for  field  strengths  greater  than  ~  30  atomic  units,  the  energy  transfer 
will  actually  be  greater  than  that  given  by  Eq.  (11).  Thus,  Eq.  (11)  represents  a 
lower  bound  for  charged-particle  collisions.  Furthermore,  since  the  characteristics 
of  the  projectile  do  not  appear  in  Eq.  (11),  this  relationship  is  also  valid  for 
electron  collisions. 

We  now  examine  the  magnitude  of  other  physical  processes  which  can  impart 
energy  transfer  to  atomic  or  molecular  systems.  Generally,  for  the  electron 
collisions,  the  emission  of  Auger  electrons  will  impart  a  recoil  energy  exceeding 
that  arising  from  the  incident  electron,  the  magnitude  of  which  can  be  readily 
estimated  from  the  kinematics  of  two-body  decay.  If  we  assume  that  an  electron 
with  mass  me  is  emitted  with  an  Auger  energy  Ea>  then 


In  order  to  estimate  an  upper  bound,  we  will  assume  an  energy  scale  for  Ea  on 
the  order  of  the  K-edge.  In  this  case,  for  light  materials  In  which  the  Auger 
yields  arising  from  a  K-vacancy  are  high,  a  system  such  as  Ne  (fui5«  =  870  eV), 
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gives  Et  =  24  meV,  a  value  almost  exactly  equal  to  the  mean  thermal  energy  at 
300  K. 


For  heavy  materials,  such  as  uranium,  since  radiative  yields  dominate  the 
decay  of  K-shell  vacancies,  the  recoil  developed  is  given  approximately  by 


Et  = 


(h^K)2 

2Mca 


(15) 


where  is  the  emitted  photon  energy  and  M  is  the  molecular  mass.  For  U, 

Eq.  (15)  gives  Et  =  30  meV,  a  magnitude  close  to  that  arising  from  Auger  decay 
in  light  elements.  L-shell  Auger  decay  from  U  (~  21  keV)  gives  Et  =  46  meV,  so 

it  is  also  in  the  same  range.  Less  energetic  excitations  arising  from  electron 

scattering  will,  of  course,  produce  smaller  recoil  energies.  Overall,  for  a  wide 

range  of  scattering  conditions  and  materials,  the  recoil  energies  induced  by  electron 
scattering  will  fall  in  the  range  ~  3  x  10‘5  «  Et  <  5  x  10'J  eV. 

The  recoil  energy  imparted  to  an  ion  during  multiphoton  ionization  is  naturally 
expected  to  be  small,  since  the  incident  photons  carry  very  little  momentum.  For 
a  given  number  N  of  quanta  absorbed  with  energy  hw,  the  recoil  is  expressed  as 


Et  = 


(Nhcu)a 

2Mca 


(16) 


the  multiquantum  counterpart  of  Eq.  (15).  From  the  previous  discussion,  for  a 

total  energy  such  that  Nfuo  =  fua^,  Et  is  less  than  30  meV  for  all  materials. 

Two  additional  mechanisms  can  communicate  recoil  energy  to  the  ion  produced 
by  multiphoton  ionization.  They  are  (1)  the  interaction  of  the  field-driven  ionized 
electron  with  the  ion,  a  process  equivalent  to  inverse-bremsstrahlung  in  the  field 
of  the  ion,  and  (2)  the  subsequent  emission  of  Auger  electrons  similar  to  that 
discussed  above  in  relation  to  electron  collisions.  Since  the  latter  can  be  associated 
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with  essentially  the  same  bounds  as  the  electron  scattering  case,  we  now  consider 
the  former. 

During  the  inverse-bremsstrahlung  process  a  photon  (hoi)  is  absorbed  with  the 
resulting  energy  appearing  in  the  kinetic  energy  of  the  electron-ion  pair.  Assuming 
the  ion  to  be  structureless,  this  is  a  form  of  elastic  electron  scattering  for  which 

the  resulting  recoil  can  be  approximately  estimated  from  Eq.  (8)  provided  that  it 

is  possible  to  determine  appropriate  values  for  the  electron  energy  E  and  the 
impact  parameter  b.  In  terms  of  the  particle  energy,  we  can  associate  the  average 
energy  of  driven  motion  with  the  ponderomotive  potential.  For  radiation  at  248 
nm,  an  intensity  of  1018  W/cm2  gives  an  equivalent  ponderomotive  potential  of  57 
eV. 

Measurements6  of  ion  energy  distributions  for  Na2*  ions  give  an  upper  bound 
on  Et  =  60  meV  and,  therefore,  a  lower  limit  on  the  effective  value  of  b.  For 
Na2‘  irradiated  at  248  nm  for  ~  600  ps  at  an  intensity  of  -  10l*  W/cm2,  with  Zx 
=  1,  Za  =  2,  E  =  57  eV,  and  =  me,  Eq.  (8)  gives  b  >  0.1  a0.  This  value  of  the 
impact  parameter  is  expected  to  be  a  considerable  underestimate,  since  the  experimental 
bound  on  Et  was  instrumentally  limited.6  We  now  scale,  for  a  fixed  value  of  this 
impact  parameter,  to  fully  ionized  uranium  (Za  =  92)  and  let  I  =  1021  W/cm2  (em 
=  170),  a  procedure  which  gives  Et  <  1  meV.  Even  accounting  for  multiple  electron 
emission,  most  of  which  occurs  for  rather  low  values  of  Za,  it  is  unlikely  that 
the  recoil  will  be  above  the  experimental  bound  established  for  Na2*,  namely, 

within  a  factor  of  two  of  the  thermal  energy  for  T  =  300  K.  This  places  an  upper 
bound  on  the  kinetic  energy  transfer  associated  with  the  strong-field  coupling  to 
be  on  the  order  of  those  arising  in  the  case  of  electron  scattering. 

We  observe  that  any  ion  will  also  experience  a  ponderomotive  potential  in 
the  high  intensity  wave.  For  a  proton  irradiated  with  248  nm  radiation  at  an 
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intensity  of  10S1  W/cma,  the  ponderomotive  potential  is  -  3.1  keV.  This  energy, 
however,  is  fully  returned42,43  to  the  radiation  field  during  the  course  of  the 
pulse  so  that  no  net  displacement  of  any  molecular  ions,  regardless  of  charge  or 
mass,  will  occur  as  a  result  of  the  ponderomotive  potential. 

This  analysis  leads  to  the  following  general  conclusions.  Ion  collisions  can 
present  strong  forces  (em  >>  1)  and  large  recoil  energies  while  electron  collisions 
generate  relatively  weak  forces  (£m  <  1)  and  correspondingly  small  recoil  effects. 
Furthermore,  both  of  these  scattering  processes  are  ineffective  in  exciting  organized 
electronic  motions  along  specific  molecular  axes.  In  comparison,  since  the  short- 
pulse  strong  field  excitation  (1)  can  generate  a  high  force  strength  (em  >>  1),  (2) 
communicates  a  recoil  energy  which  is  very  small  in  relation  to  molecular  bond 
strengths,  and  (3)  readily  excites  large  scale  electronic  motions  along  specific 

molecular  directions,  it  represents  a  unique  domain  of  interaction. 

These  respective  regions  of  interaction  can  be  conveniently  displayed  in  the 
em  -  Et  plane  shown  in  Fig.  (6).  In  this  picture,  the  strong-field  multiquantum 
coupling  (Em  ^  1)  clearly  represents  a  distinct  regime  of  interaction  that  is  totally 
unachievable  with  charged  particle  collisions  and  permits  strong  electronic  forces 
to  be  applied  to  a  system  whose  molecular  frame  can  remain  intact.  It  is  this 

situation,  in  combination  with  the  dynamical  features  illustrated  in  Fig.  (5),  that 
enables  the  strong-field  coupling  to  efficiently  produce  new  modes  of  excitation  in 
molecular  materials.  The  region  corresponding  to  the  experiments  on  Na,  as 

shown  in  Fig.  (6),  clearly  falls  in  this  new  zone.  It  is  this  feature  of  the  interaction 
which  can  account  for  the  otherwise  anomalous  appearance  of  the  2cg  vacancies 

and  the  55.8  nm  emission.  Although  Na  has  served  as  a  specific  example,  such 
processes  are  expected  to  occur  generally  for  all  materials  regardless  of  structure 
or  composition.  Given  the  nature  of  this  form  of  excitation,  it  is  particularly 
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Fig.  (6):  Display  of  the  comparison  of  the  energy  transfer  versus  electric  field 
strength  for  charged  particle  collisions  and  strong-field  Interactions, 
including  the  influence  of  Auger  events  and  inverse-bremsstrahlung. 
Clearly,  strong-field  Interactions  lie  in  a  region  totally  Inaccessible  by 
the  collisions)  processes.  The  region  of  the  Na  experiments  discussed 
In  the  text  is  shown.  The  parameters  for  the  ion  boundary  stemming 
from  Eq.  (11)  correspond  to  X  =  248  nm  and  the  other  data  conforming 
to  the  N,a*  case. 


s 


well  suited  for  the  direct  generation  of  states  involving  a  very  large  charge 
asymmetry,  such  as  that  represented  in  N2  by  Eq.  (1). 


I 


III.  CONCLUSIONS 


A  new  ultrahigh  intensity  subpicosecond  laser  technology  is  now  available  for 
the  study  of  atomic  and  molecular  interactions  in  the  strong-field  regime  for  which 
the  peak  optical  field  is  considerably  above  an  atomic  unit  (e/a|).  It  was  anticipated 
that  such  conditions  would  produce  unusual  excited  states  of  matter  and  that 
expectation  has  been  confirmed  by  recent  experimental  findings  revealing  the 
direct  multiphoton  production  of  inner-orbital  (2ag_1)  excited  states  of  Na*  and 
Na*.  Indeed,  it  can  be  shown  that  the  strong-field  coupling  represents  a  unique 
mode  of  interaction  which  combines  (1)  the  application  of  strong  electromagnetic 
forces  with  (2)  a  very  small  collateral  transfer  of  energy.  This  regime  is  impossible 
to  achieve  with  charged  particle  collisions  or  with  low  intensity  radiation  of  any 
frequency.  Interactions  of  this  type  are  particularly  effective  in  exciting  electronic 
motions  along  specific  molecular  axes  enabling  the  generation  of  new  forms  of 
highly  excited  matter  regardless  of  molecular  structure  or  composition. 
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ABSTRACT 

The  operational  characteristics  of  an  ultrahigh  intensity  subpicosecond  large 
aperture  KrF*  laser  system  are  described.  Measurements  show  the  achievement  of 
a  focal  spot  diameter  less  than  1.7  pm.  Combined  with  measurements  of  the  pulse 
width  and  pulse  energy,  this  yields  an  average  intensity  of  ~  2  x  10l*  W/cm3,  a 
value  corresponding  to  a  peak  electric  field  of  -  '  24  (e/a£).  Light  sources  of  this 
nature  will  find  application  in  a  broad  range  of  studies  of  the  nonlinear  properties 
of  matter  in  the  strong-field  regime. 


*  to  be  published  in  Optics  Letters 


36 


Rare-gas-halogen  systems  are  well  suited  for  the  production  of  extremely 
high  peak-brightness  outputs  because  they  combine  efficient  energy  storage,  a  broad 
gain-bandwidth,  and  a  high  threshold  for  the  onset  of  nonlinear  processes  affecting 
both  losses  and  the  mode  of  propagation.  Although  several  demonstrations  that 
the  confluence  of  these  properties  readily  results  in  high  peak  power  have  been 
reported,1-7  the  generation  of  high  peak  intensity  requires,  in  addition,  careful 
control  of  the  spatial  character  of  the  output  energy.  In  this  Letter,  we  report 
the  measured  focusability  of  a  large  aperture  subpicosecond  KrF*  system  capable 
of  generating  a  peak  power  in  excess  of  400  GW.  With  the  capability  to  achieve 
an  average  focal  intensity  of  ~  2  x  101*  W/cm2,  which  corresponds  to  a  peak 
electric  field  of  ~  24  (e/a2)  =  1.2  x  10U  V/cm,  this  system  can  be  ^sed  in  new  areas 
of  study  corresponding  to  a  regime  for  which  the  applied  field  significantly  exceeds 
that  characteristic  of  the  outer  electronic  shells  in  all  materials. 

The  laser  system,  based  on  one  previously  described,2  is  shown  schematically 
in  Fig.  (1).  The  248-nm  seed  pulse  is  generated  from  a  primary  source  operating 
at  745  nm  by  doubling  and  mixing  in  the  sequence  745  nm  -  372  nm  -  248  nm.  The 
745-nm  source  is  a  hybrid  mode-locked  dye  laser  with  intracavity  dispersion 
compensation8  pumped  by  a  cw  mode-locked  frequency  doubled  Nd:YAG  laser.  The 
dye  laser  is  tuned  by  intracavity  spectral  windowing9  and  generates  bandwidth- 
limited  200  fs  pulses.  Single  745-nm  pulses  are  amplified  in  a  two-stage  dye 
amplifier  which  is  transversely  pumped  by  a  ~  300  mJ/pulse,  frequency  doubled,  Q~ 
switched  Nd:YAG  system  at  a  repetition  rate  of  2  Hz.  This  amplification  produces 
single  pulse  energies  in  the  100  -  150  pj  range.  These  pulses  are  focused  to  a 
diameter  of  approximately  1  mm  in  two  KDP  crystals,  of  1  and  3  mm  length, 
suitably  cut2  for  frequency  doubling  to  372  nm  and  sum-frequency  mixing  to  248 
nm,  producing  248-nm  pulses  with  an  energy  of  1  -  2  pJ. 
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A  KrF*  excimer  preamplifier  (Lambda  Physik  201  MSC  EMG)  for  the  248-nm 
pulses  is  operated  with  a  gas  mix  of  F2,  Kr,  and  Ne  at  a  pressure  of  1500  mbar 
and  with  a  discharge  voltage  of  14  kV,  producing  a  gain  of  ~  500.  This  unusual 
operating  pressure  and  voltage  give  sufficient  amplification  while,  at  the  same 
time,  minimizing  beam  distortion  caused  by  the  discharge,  a  critical  factor  in  the 
resulting  focusability  of  the  laser  system.  The  output  from  the  preamplifier  is 
spatially  filtered  in  vacuum  in  a  diffraction  limited  manner  using  a  100-pm  diameter 
pinhole.  This  spatial  filter,  with  a  transmission  of  ~  30  -  40%,  furnishes  a  seed 
pulse  having  an  energy  of  150  -  200  pj.  After  the  spatial  filter  the  248-nm  pulse 
is  collimated  and  expanded  to  a  10  cm  diameter  using  a  10-power  reflecting 
telescope  of  the  Dall-Kirkham  design.  The  final  seed  pulse,  which  has  a  signal/ASE 
ratio  of  ~  4,000:1,  is  injected  into  a  large  aperture  KrF*  amplifier,  a  device  which 
has  been  christened  Prometheus.  Prometheus  was  specifically  designed  to  work  at 
relatively  low  pressure  and  low  gain  in  order  to  reduce  wavefront  distortion  and 
ASE,  conditions  which  are  necessary  even  for  the  preamplifier  as  noted  above. 

Prometheus  has  two  parallel  2.5  m  long  discharge  channels  separated  by  an  x- 
ray  gun  preionizer.  The  gas  flow  between  the  discharge  electrodes  is  laminar 
and  transverse  with  a  flow  rate  sufficient  to  clear  the  discharge  volume  -  5  times 
between  laser  pulses.  The  laser  medium  and  the  electrical  insulating  oil  used  in 
the  high  voltage  enclosure  are  temperature  controlled  to  minimize  thermal  gradients 
and  consequent  wavefront  distortion  in  the  optical  path.  Although  the  system  has 
the  capability  to  excite  a  discharge  with  a  total  cross-sectional  area  of  10  cm  x 
10  cm,  the  present  device,  due  to  excessive  curvature  of  the  electrodes,  produces 
a  saturated  output  only  over  approximately  one  third  of  that  area.  A  measurement 
of  beam  distortion  at  632  nm  with  full  gas  flow,  but  without  the  discharge  operating, 
demonstrated  an  RMS  wavefront  distortion10  of  X/13  over  the  full  aperture.  In 
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addition,  no  streamers  were  present  in  the  discharge  and  an  estimate  of  the 
nonlinear  wavefront  distortion  occurring  at  the  final  output  window  of  the  amplifier 
for  n2  =  10'13  esu  at  an  intensity  of  10  GW/cm2  gives  ~  X/io.  Further  estimates 
show  that  the  contribution  to  nonlinear  distortion  from  the  amplifier  medium, 
mainly  helium,  is  negligible.  Under  these  conditions,  the  spatial  character  of  the 
output  beam  is  governed  by  that  of  the  seed-beam. 

Typical  operating  conditions  employ  an  x-ray  gun  voltage  of  ~  115  kV,  a 
discharge  voltage  of  ~  180  kV,  a  pulse  repetition  rate  of  0.4  Hz  and  a  1.6  atm  gas 
mix  of  0.15%  Fa/5%  Kr/94,85%  He.  Measurements  give  a  small  signal  gain  of  ~  2.9 
%  cm"1  and  a  nonsaturable  loss  parameter  of  0.28%  cm'1.  An  output  energy  of  ~ 
250  mj  is  produced  with  an  input  pulse  of  ~  200  pj.  A  maximum  recorded  output 
of  350  mj  has  been  observed.  The  associated  ASE,  which  mainly  originates  from 
the  power  amplifier  itself,  is  small  and  poorly  focusable.  The  ASE  comprises  ~ 
10%  of  the  short  pulse  energy  and  has  a  measured  minimum  focal  diameter  of  -  3 
mm. 

The  duration  of  the  amplified  pulse  was  measured,  using  two  photon  fluorescence 
in  high  pressure  xenon,11  to  be  600  fs.  The  autocorrelation  trace  is  similar  to 
that  shown  in  Ref.  (11).  Lengthening  of  the  original  200  fsec  745-nm  seed  pulse 
is  due,  at  least  in  part,  to  group  velocity  mismatch  occurring  in  the  frequency 
conversion  crystals,  which  are  designed  for  350  fsec  pulses,  and  the  optical  components 
comprising  the  remainder  of  the  beam  path.  Efforts  are  underway  to  produce 
shorter  pulses  by  reduction  of  the  crystal  length  and  suitable  phase  control 
(chirping)  of  the  seed-beam  pulse. 

Measurements  of  the  focusability  of  the  seed  pulse  after  passing  through 
Prometheus  were  made  by  using  a  technique  similar  to  that  reported  by  Roberts  et 
al.12  A  central  29-mm  portion  of  the  expanded  seed-beam  was  selected  and  directed 
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onto  a  60-mm  focal  length  aspheric  mirror.  The  amount  of  energy  collected  is 
estimated  to  be  <  100  nJ  and  there  is  no  indication  of  optical  breakdown  affecting 
the  measurement.  The  focus  of  this  f/2.07  optical  system  is  imaged  by  a  15- 
power  reflecting  microscope  objective  (Ealing  25-0506)  onto  either  a  CCD  camera 
or  a  linear  photodiode  array  (Reticon  512G),  the  latter  having  a  25  pm  square 
pixel  size. 

The  beam  profile  at  the  image  plane  of  the  microscope  objective  is  shown  in 
Fig.  (2).  An  understanding  of  two  important  instrumental  features  is  needed  in 
order  to  interpret  this  measurement.  They  are  (1)  the  magnitude  of  the  cross¬ 
channel  coupling  due  to  the  tapered  aperture  response  function  of  the  array,  a  quantity 
measured  with  a  5  pm  diameter  spot  from  a  HeNe  laser  and  found  to  be  25%,  and 
(2)  the  asymmetric  profile  of  the  photodiode  array  output  due  to  a  transient 
electronic  response  characteristic  of  the  pulsed  mode.  Although  a  detailed 
understanding  of  this  transient  electronic  response  is  not  in  hand,  a  genuinely 
asymmetric  beam  profile  would  reverse  direction  upon  rotation  of  the  diode  array 
180°  about  the  beam  direction.  Experimentally  no  change  in  the  profile  results 
from  this  operation,  verifying  that  the  observed  profile  asymmetry  is  an  instrumental 
electronic  effect.  Furthermore,  the  focal  spot  viewed  with  the  CCD  camera 
clearly  indicates  a  uniform  circular  spot.  With  these  considerations,  the  spot 
size  of  the  focus  of  the  248-nm  seed  pulse,  using  the  aspheric  mirror,  is  <  1.7  pm 
in  diameter  at  15%  of  the  maximum  amplitude. 

The  combination  of  the  measured  600  fsec  pulse  length,  the  1.7  pm  diameter 
focal  spot  size,  and  a  value  for  the  laser  energy  of  250  mJ,  gives  an  average 
intensity  of  2  x  10l*  W/cm*,  a  value  nearly  one  thousand  times  higher  than  that 
used  in  our  previous  studies.13  The  ponderomotive  potential  experienced  by  a 
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free  electron  In  24&-nm  radiation  at  this  intensity  is  ~  114  keV,  a  value  corresponding 
approximately  to  the  uranium  K-edge  (115.6  keV). 

Measurements  of  the  collision-free  multiphoton  ionization  of  Ne  clearly 
demonstrate  that  a  considerable  increase  in  intensity  is  achieved  with  the  Prometheus 
system.  We  recall  that  when  a  maximum  intensity  of  -  10l*  W/cma  was  available, 
the  highest  neon  charge  state  observed14  was  Ne‘"\  In  sharp  contrast,  Fig.  (3) 
clearly  shows  the  presence  of  a  strong  Ne'*  signal,  in  this  case  arising  from  a 
single  laser  shot  and  for  conditions  representing  less  than  optimum  laser  performance. 
The  total  energy15  required  to  produce  Ne'*  from  the  neutral  atom  is  ~  1  keV. 
The  estimated  intensity  corresponding  to  this  measurement  has  a  value  of  only  ~  1 
x  10*'  W/cma,  which  arises  from  the  use  of  larger  f-number  optics  and  a  reduction 
of  pulse  energy  stemming  from  geometrical  obstruction  of  the  beam  in  the  apparatus 
used  for  the  ion  measurements. 

A  final  observation  concerning  propagation  is  pertinent  to  the  focusability  of 
the  full  amplified  output  beam.  Preliminary  studies  of  the  propagation  of  the 
248-nm  beam  at  full  power  through  air  have  shown  that  distinct  aberrations  occur 
after  a  distance  of  -  3  -  4  m.  This  distortion  is  manifested  by  the  appearance  of 
clusters  of  filaments  or  hot  spots,  with  diameters  in  the  range  of  50  -  100  pm, 
and  are  easily  seen  when  polaroid  film  (type  107)  is  irradiated.  Moreover,  these 
filaments  form  reproducible  stable  patterns  and  appear  to  exist  for  lengths  on  the 
order  of  many  tens  of  centimeters,  or  perhaps  longer,  as  evidenced  by  moving  the 
Polaroid  film  along  the  beam  path.  It  was  possible  to  eliminate  the  filamentation 
completely  by  passing  the  beam  through  a  helium  atmosphere.  Presently,  the  full 
power  beam  is  transported  to  the  experimental  stations  by  using  beam  lines  evacuated 
to  a  pressure  below  1  Torr. 
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In  summary,  the  operational  properties  of  a  high  intensity  subpicosecond  large 
aperture  KrF*  system  have  been  experimentally  established.  Measurements  show 
that  for  a  total  output  power  of  ~  400  GW,  a  focal  intensity  exceeding  101* 
W/cm2  can  be  produced.  Refinements  of  the  instrumentation  clearly  will  enable  the 
development  of  peak  intensities  considerably  in  excess  of  1020  W/cm2.  Instruments 
of  this  nature  will  certainly  find  broad  application  in  the  study  of  new  strong- 
field  phenomena  in  atoms,  molecules,  and  plasmas. 
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FIGURE  CAPTIONS 


A  schematic  showing  the  layout  of  the  ultrahigh  intensity  KrF*  laser 
system.  The  diagnostic  measurements  were  performed  at  the  position 
indicated  after  the  Prometheus  amplifier. 

A  10  shot  average  of  the  output  of  the  photodiode  array.  One  pixel 

represents  1.7  pm.  Interpretation  of  the  signal  is  described  in  the  text. 
Charge  state  spectrum  of  Ne  collected  with  a  time— of— flight  spectrometer¬ 
showing  the  Nea*  component  using  a  laser  intensity  estimated  to  be  ~ 
101*  W/cm2.  Satellite  signals  corresponding  to  22Ne  ions  are  also 
visible.  Since  22Ne  abundance  is  less  than  ten  percent,  statistical 
fluctuations  occurring  for  data  taken  on  a  single  shot  cause  the  22Ne  7+ 
and  8+  signals  to  be  absent. 
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A  study  of  the  kinetic  energy  distributions  of  ionic  fragments  produced  by  subpicosecond  irradia¬ 
tion  of  Nj  with  248-nm  radiation  at  an  intensity  of  ~  10'*  W/eni2  is  reported.  These  measurements, 
in  comparison  to  other  findings  involving  molecular  excitation  with  charged  particles  and  soft  x 
rays,  reveal  several  important  features  of  the  nonlinear  coupling.  Four  ionic  dissociative  channels 
are  identified  from  the  data  on  the  multiphoton  process.  They  are  Nj,+  — »Nf  +N  +  , 
N21+— »N  +  N,+,  Nj1+  — »N  *  -t-N14,  and  Nj,T  — ♦  N*  +NJ'1 ,  three  of  which  are  charge  asymmetric. 
The  data  for  the  energy  distributions  are  found  to  be  in  approximate  conformance  with  a  simple  pic¬ 
ture  involving  ionizing  transitions  occurring  within  a  time  of  u  few  cycles  of  the  ultraviolet  wave  at 
an  intcrnuclcar  separation  close  to  that  of  the  ground-stale  ( X  'X')  molecule.  The  implication  fol¬ 
lows  that  a  strong  nonlinear  mode  of  coupling  is  present  which  causes  a  high  rate  of  energy  transfer. 
A  simple  hypothesis  is  presented  which  unites  the  ability  for  rapid  energy  transfer  with  the  observed 
tendency  to  produce  charge-asymmetric  dissociation. 


1.  INTRODUCTION 


Processes  involving  the  rapid  production  of  molecular 
vacancies  generally  result  in  energetic  fragmentation  of 
the  molecular  ion  produced.  In  particular,  studies  have 
been  made  of  the  fragmentation  of  N2,  having  the 
ground-state  configuration 

( lo,  )2<  la.  )2(2 ot  )2(2o„  )2(  1tt„  )4(3ag  )2  , 

arising  from  photon-induced  inner-shell  excitation,1-1 
electron  collisions,4  and  ion  collisions.1  Rapid  molecular 
ionization  by  multiphoton  processes  is  also  expected  to 
produce  ionic  fragments  with  a  characteristic  distribution 
of  kinetic  energies.4"*  Comparison  of  the  energy  spectra 
of  the  fragments  produced  by  these  different  means  can 
give  information  on  the  corresponding  mechanisms  of  va¬ 
cancy  formation  and  the  dynamics  of  molecular  dissocia¬ 
tion.  The  present  study  discusses  the  observation  of  N  +, 
N2  +  ,  and  N1+  fragments  produced  by  multiphoton  ion¬ 
ization  of  Nj  with  subpicosecond  248-nm  radiation  at  an 
intensity  of  —  IQ14  W/cm2.  These  data  reveal  specific  in¬ 
formation  on  the  dynamics  of  these  nonlinear  molecular 
events. 

Assuming  that  the  molecular  potential  is  dominated  by 
the  Coulomb  term,  the  time  r  for  two  atoms,  with  a  re¬ 
duced  mass  of  M  initially  situated  at  a  bond  distance  of 
~2/3o0  and  ionized  suddenly  by  a  pulse  of  radiation  to 
charge  states  Z(  and  Z2,  to  undergo  a  Coulomb  explo¬ 
sion l9'  10  and  develop  a  separation  of  x,  is 


2  m,Z,Z2 


1/2 


*(1-2/9 u0/*),/2 
2/&0 

I -Ml -2/9 fl0/*),/J 

+  4  In  - — 

2  l-(  1-2/3 a0/x)l/2 


(1) 


In  Eq.  (1),  a  is  the  fine-structure  constant,  m ,  the  elec¬ 
tron  mass,  \(  the  electron  Compton  wavelength,  a0  the 
Uohr  radius,  and  c  the  speed  of  light.  For  x  — 1.0  nm, 
with  M—l  amu,  /9=  1,  Z,  — 2,  and  Z2  =  1,  Eq.  (1)  gives 
r^l4.6  fs.  For  these  parameters,  the  explosion  of  a 
homonuclear  diatomic  molecule  would  yield  an  ion  kinet¬ 
ic  energy  of  U0=  13.6  eV  for  each  fragment,  a  magnitude 
that  can  be  readily  measured.  In  particular,  this  suggests 
that  information  on  electron-ionization  rates  in  the  fem¬ 
tosecond  range  associated  with  the  production  of  the 
multiply  charged  ions  can  be  obtained  from  the  kinetic 
energy  distributions  of  the  ionic  spectra.4"* 


II.  EXPERIMENTAL  CONSIDERATIONS 

In  these  studies  of  ion  spectra,  a  subpicosecond  248-nm 
source11  was  used  to  produce  the  ionization  in  a  small  fo¬ 
cal  volume  under  collision-free  conditions  und  the  ener¬ 
gies  of  the  ions  were  measured  in  a  time-of-Hight  spec¬ 
trometer.12  In  the  apparatus  for  ion  detection,  the  par¬ 
ticles  were  extracted  through  a  O.S-mm  aperture  by  a 
static  field  of  100  V/em.  An  additional  potential  of  1.3 
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kV  was  applied  to  the  ions  before  entering  the  l-m-long 
free-drilt  region. 

Several  factors  can  contribute  to  (lie  observed  energy 
resolution  of  the  ion  signals.14  In  order  to  isolate  the 
effect  arising  from  molecular  dissociation,  the  experi¬ 
ments  were  performed  in  a  regime  for  which  U)  the  densi¬ 
ty  was  sufficiently  low  so  that  the  space-charge  energy 
was  small  and  (2)  the  ion  energy  was  sufficiently  high  so 
thui  the  expansion  of  the  ion  packet  during  its  flight  to 
the  detector  was  negligible.14  The  proper  conditions  were 
established  by  a  study  of  the  resolution  obtained  for 
atomic  Ar,  a  species  for  which  the  contribution  from  dis¬ 
sociation  is  absent.  Although  the  resolution  limit  arising 
from  the  space-charge  effect  deduced  from  the  N,4  data 
was  approximately  0.13  eV  for  our  experimental  condi¬ 
tions,  the  actual  value  was  somewhat  greater,  since  the 
main  source  of  energy  spreading  for  the  energetic  ions 
was  due  to  the  time  dispersion  characteristic  of  this  tech¬ 
nique.  For  6-eV  N4  ions  in  our  apparatus,  the  tune 
dispersion  is  calculated  to  be  9.6  ns/eV.  This  figure,  to¬ 
gether  with  the  electronic  width  of  S  ns,  gives  an  energy 
resolution  of  —0.5  eV.  Similarly,  resolutions  of  1.4  and 
3.0  eV  are  obtained  for  10-eV  N24  and  20-eV  N34  ions, 
respectively.  Furthermore,  the  absolute  energy  scale  is 
governed  by  the  ability  to  determine  accurately  the  ar¬ 
rival  time  corresponding  to  zero-initial-energy  ions. 
These  considerations  result  in  experimental  ion  energy 
resolutions  of  ~  1  eV  for  6-eV  N4,  ~2.8  eV  for  10-eV 
N2  4 ,  and  ~  6  e V  for  20-eV  N3  4 . 

III.  EXPERIMENTAL  FINDINGS  AND  DISCUSSION 

The  time-of-flight  data  for  the  N4-ion  signal  are  illus¬ 
trated  in  Fig.  1(a).  Two  peaks  displaced  symmetrically 
about  a  central  component  are  clearly  observed.  Analysis 
of  this  signal  shows  that  the  prominent  central  feature 
comes  from  ions  with  a  very  low  kinetic  energy  and  that 
the  two  symmetrically  placed  components  correspond  to 
the  energetic  fragments  generated  by  the  molecular  disso¬ 
ciation.  This  is  readily  seen  from  comparison  of  the  data 
in  Fig.  1(a)  with  that  shown  in  Fig.  Kb)  for  N24,  an  ion 
which  should  exhibit  only  a  central  thermal  energy  peak, 
perhaps  involving  some  additional  broadening  arising 
from  the  effect  of  space  charge.  The  two  symmetrically 
located  components  of  dissociative  origin  exhibited  in 
Fig.  1(a)  result  from  two  velocity  groups  of  ions,  one  ini¬ 
tially  headed  toward  the  detector  and  a  corresponding 
oppositely  directed  component  whose  momentum  is  re¬ 
versed  by  the  action  of  the  extracting  field.2, 13  Analyses 
of  these  peaks  for  N4,  N24,  and  N34  have  been  used  to 
determine  both  (a)  the  relative  abundances  and  (b)  the 
distributions  of  kinetic  energies  arising  from  the  molecu¬ 
lar  fragmentation. 

Integrated  over  all  energies,  the  relative  abundances  in 
percent  are  54,  32,  and  14  for  N  +  ,  NJ+,  and  N1+,  respec¬ 
tively.  Interestingly,  the  ratio  [N4]/[N24]~  1.7,  a 
value  not  far  from  the  minimum  magnitude  seen  (  ~  1.9) 
in  the  soft-x-ray  studies1  slightly  above  the  nitrogen  K 
edge  (Aw =440  eV),  but  rather  far  from  that  observed 
( —4.71  well  beyond  the  K  edge  (fco  =  930  eV)  in  other 
work.9  A  considerably  higher  fraction  of  N24  appears  to 


be  produced  by  (lie  inuilipliolon  mechanism  fur  the  con¬ 
ditions  of  these  experiments. 

Tile  distributions  of  the  kinetic  energies  for 
mulliphoion-produeed  N4  and  N24  ions  can  be  com¬ 
pared  to  the  corresponding  distributions  observed  in  the 
soli-x-ray  studies.1'  3  Figure  2  illustrates  this  comparison 
lor  N  1  ions  which,  for  the  x-ray  work,  arise  from  the 

N,2 '  ~*N  V/M  +  NVP)  (2) 

channel.  All  three  distributions  shown  in  Fig.  2  have 
their  maximum  strengths  in  the  —  3.9-5. 0-eV  range. 
Essentially,  the  same  result  is  found  in  experiments  in¬ 
volving  electron4  and  ion  collisions.5  Since  the  energy 
resolution  of  the  multiphoton  data  is  not  sufficient  to  ex¬ 
hibit  the  structure  seen  in  the  data  produced  in  the  x-ray 
studies,  no  significance  can  be  attached  to  absence  of 
those  structured  features  in  the  multiquantum  result. 
Overall,  therefore,  the  gross  character  of  the  spectrum  of 
the  N4  ions  produced  does  not  depend  strongly  on  the 


(3)  Kinetic  energy  (away  from  trie  detector) 


o  2  4  e  a  10 


Kinetic  energy  (towards  tne  detector) 


FIG.  I.  (a)  Time-of-flight  N4-ion  signal  arising  from  multi¬ 
photon  ionization  of  Nj.  The  central  feature  arises  from  very- 
low-energy  ions  while  the  two  symmetrically  located  com¬ 
ponents  arise  from  energetic  molecular  dissociation  from  oppo¬ 
sitely  directed  fragments  of  equal  energy.  See  text  for  discus¬ 
sion.  (b)  Time-of-flight  ion  signal  corresponding  to  N2  +  ,  a 
species  for  which  the  dissociative  components  are  absent.  In 
this  case  only  a  single  peak  is  seen  corresponding  to  the  thermal 
kinetic  energy  of  the  parent  N2  molecules. 
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FIG.  2.  Ion  current  (N  * )  vs  ion  kinetic  energy  lor  N;.  The 
+  data  arise  from  the  multiphoiou  ionization  at  248  uni.  The 
solid  curve  (^)  represents  the  results  of  Saito  and  Suzuki  (Kef. 
3).  The  dashed  curve  is  taken  from  the  results  of  libcrhardt,  et 
at.  (Ref.  1). 

mechanism  of  ionization.  X  rays,  electrons,  ions,  and 
multiphoton  coupling  all  produce  N  +  ions  of  approxi¬ 
mately  the  same  energy. 

Ranked  in  order  of  ascending  binding  energy,  the  outer 
molecular  orbitals  of  N2,  based  on  the  spectroscopy16-1* 
of  Nj  and  N2  +  ,  are  liru,  3a  t,  2a M,  and  2 ag,  with  values 
of  —15.6,  —16.7,  —18.7,  and  —38  eV,  respectively. 
Consequently,  these  four  orbitals  represent  two  approxi¬ 
mately  separate  scales  of  excitation  with  lrru,  3 ag,  and 
2a  u  being  the  lowest,  and  2 ag  the  highest. 

For  the  channel  producing  the  N+  ions  observed,  the 
Nj2+  valence  holes  leading  to  dissociation  appear  to  be 
primarily  of  1 [  I ]  character,19  20  the  lowest-energy 
two-hole  configuration.  Since  the  KVV  Auger  process  as¬ 
sociated  with  the  x-ray  excitation  occurs  on  a  time  short 
compared  to  molecular  nuclear  motions,  the  internuclear 
separation  r0  of  the  nascent  N22+  system  is  expected  to 
be  very  near  to  that  given  by  the  N2  X  '2*  ground  state 
(r0—  1.098  A).  Therefore,  the  agreement  of  the  N+  frag¬ 
ment  energies  suggests  that  the  multiphoton  transition 
occurs  at  an  internuclear  separation  close  to  the  same 
value  of  r0.  Low-lying  metastable  states21,22  of  N22  +  are 
presumably  also  formed  from  the  decay  which  could  ac¬ 
count  for  the  N+  generation  in  the  energy  range  —  2  eV. 

The  dominance  of  the  lir“2  configuration  of  N22+  pro¬ 
duced  by  the  multiquantum  process  is  not  unexpected, 
since  it  represents  a  rather  low  ionization  energy  and  can 
be  reached  either  by  a  direct  path  from  N2  X  ’2*  or  a 
sequential  mechanism  involving  the  stable  electronically 
excited  N2+  A  2n„  state  which  has  a  1jtb  hole.  A 
sequential  mechanism  proceeding  through  the  lowest  ion 
level,  Nj+  X  22^,  to  a  lirj"2  configuration  is  considered 
unlikely,  since  the  X*2f  state  has  a  3 ag  hole.16,23  The 
change  in  the  equilibrium  internuclear  separation  of 
—0.08  A  between  the  N2  X  and  N2+  A  states  is 
sufficiently  small  to  have  a  negligible  effect  on  the  ob¬ 
served  kinetic  energy  distributions  for  the  energy  resolu¬ 
tion  used  in  these  studies. 

The  production  of  N2+  ions  can  be  considered  in  a 
similar  light.  In  this  case,  the  agreement  represented  in 


Fig.  2  between  the  x-ray-produccd  and  mulliphoton- 
generated  N  ^  distributions  does  not  occur  with  respect  to 
the  corresponding  N‘+  kinetic  energy  distributions,  if  it 
is  assumed  that  the  ions  arise  only  front  the 


N23  f  -»N2t'  +N  *" 


(3) 


channel  The  data  illustrating  this  comparison,  which  in¬ 
cludes  a  fiducial  signal  arising  form  Ar6+,  are  shown  in 
Fig.  3.  Roughly,  the  x-ray  and  multiphoton  data  agree 
for  energies  above  —  10  eV,  but  deviate  significantly  oth¬ 
erwise.  A  substantial  component  of  the  multiphoton¬ 
generated  ion  signal  is  shifted  to  a  considerably  lower  en¬ 
ergy.  Indeed,  a  prominent  peak  in  the  N2v  spectrum 
stemming  from  the  nonlinear  coupling  is  present  at  6-7 
eV,  an  energy  range  well  below  the  lower  limit  of  the 
soft-x-ray-produced  particles. 

The  maximum  exhibited  in  the  6-7-eV  range  in  Fig.  3 
for  the  multiquantum-produced  N2+  ions,  however,  is 
consistent  with  formation  by  the  reaction 

N22+-»N2++N,  (4) 


a  channel  that  is  associated  with  a  major  feature  of  the 
Auger  spectrum2  of  N2  corresponding  to  a  two-hole  bind¬ 
ing  energy  in  the  vicinity  of  —70  eV.  Indeed,  in  that  re¬ 
gion,  the  only  decay  channel  observed2  was  process  (3) 
with  a  characteristic  N2+  energy  of  6.7±1  eV.  The  N22+ 
states  implicated,2,20  as  noted  in  the  x-ray  studies,2  are 
,2,j2«y-r,3af-,l,  l2A2o;' ,2a;1],  and  ‘llJ2a-', 

ltr,  ‘].  Furthermore,  in  those  studies,  spin  conservation 
requires  fragmentation  from  those  singlet-hole 
configurations  to  excited  products.  The  likely  final  states 
are  N2  +  (2P*)  + N(2f>*),  N2+(2P*)+ N(2P*),  and 

N2+(4P)  +  N(4S*).  The  multiphoton  data  are  consistent 
with  approximately  equal  participation  of  these  three 
channels.  Interestingly,  in  related  studies24  of  fragmenta¬ 
tion  of  N2  conducted  at  a  wavelength  of  -600  nm,  pro¬ 
cess  (4)  was  suggested  in  order  to  account  for  the  total 
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FIG.  3.  Ion  current  (N2 '  )  vs  ion  kinetic  energy  for  N,.  The 
+  djtu  arise  from  the  muliiphoton  ionization  at  248  nm  which 
includes,  us  a  fiducial,  a  component  at  —20  iV  produced  from 
Ar“'.  The  solid  (^1  curve  represents  the  uata  of  Saito  and 
Suzuki  (Kef.  3)  and  corresponds  only  to  the  N2 '  +  N  '  channel. 
General  agreement  is  seen  except  for  ihe  clear  peak  in  the  t>- 7- 
eV  region  for  the  muliiphoton  data. 
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observed  abundance  of  N 2  + . 

In  parallel  with  the  discussion  of  process  (2)  above,  the 
N22  +  system  could  be  produced  either  by  a  direct  mecha¬ 
nism  from  Nj  X  *2^  or  by  a  sequential  mechanism  in¬ 
volving  states  of  N2+.  Since  N2  +  (T)andN2  +  l  A)  have 
3o  and  1  tru  holes,  respectively,  the  production  of  the 
N2  *2^  and  the  N22+  *nu  levels  given  above  could  in¬ 
volve  a  sequential  mechanism  with  X  and  A  first-ion 
states  serving  as  intermediate  species.  However,  on  the 
basis  of  the  molecular  configurations,  the  participation  of 
the  lJ.u[2agl,2a~l]  state  by  a  sequential  process  would 
not  be  expected  to  occur  through  the  X  and  A  states. 
Presumably,  this  would  require  the  generation  of 
significantly  more  highly  excited  N2+  levels,  such  as  the 
N2+  B  22j"  which  involves  a  2 ou  hole. 

The  neutral  nitrogen  atoms  produced  by  process  (4) 
would  escape  detection,  but  a  fraction  of  them  would  be 
expected  to  be  converted  to  N  +  after  dissociation  by  sub¬ 
sequent  multiphoton  ionization  in  the  focal  zone.  The 
presence  of  such  a  group  of  6-7-eV  N+  ions  would, 
therefore,  contribute  to  the  signal  in  that  range  shown  in 
Fig.  2.  Since  the  overall  [N+]/[N2+]  ratio  is 
significantly  greater  than  unity,  this  component  of  the 
N  +  signal  is  expected  to  be  relatively  small  in  compar¬ 
ison  to  those  produced  by  process  (2). 

Alternatively,  since  the  high-energy  region  of  the  N  + 
kinetic  energy  distribution  overlaps  the  low-energy  region 
of  the  N2+  distribution,  the  N2  +  seen  in  the  6-7-eV 
range  could,  in  principle,  be  produced  entirely  by  a 
velocity-selective  conversion  by  multiquantum  ionization 
of  N+  to  N2+.  Although  the  muhiphoton  data  cannot 
rule  out  this  possibility,  the  general  agreement  of  the  N'*' 
and  N2  +  distributions  with  the  corresponding  ones  ob¬ 
served  in  the  synchrotron  studies  diminishes  the  likeli¬ 
hood  that  such  a  selective  conversion  is  playing  a  dom¬ 
inant  role. 

A  distinct  group  of  N2+  ions  is  apparent  in  Fig.  3  in 
the  1 1-14-eV  region  for  both  the  multiquantum  and  syn¬ 
chrotron2,3  studies.  The  ooservation  of  N2+  with  kinetic 
energies  in  the  1 1-14-eV  range  cannot  plausibly  be  asso¬ 
ciated  with  channels  in  either  N2+  or  N22  +  ,  even  with  al¬ 
lowance  for  a  second  step  of  ionization  (e.g.,  N+  -»N2+ ) 
occurring  after  the  act  of  molecular  dissociation.  The 
curves  for  these  two  species  are  simply  not  steep  enough 
to  give  a  sufficient  impulse. **• 19,20  A  more  highly  charged 
system,  presumably  N23+,  which  can  undergo  the  reac¬ 
tion 

N2j  +  —  N2+-FN  +  .  (5) 

is  indicated.  This,  of  course,  is  in  agreement  with  the 
findings  of  the  x-ray  studies.3 

For  N23+,  the  Coulomb  term  is  expected  to  dominate 
the  molecular  curve,  with  the  exception  of  relatively 
minor  molecular  contributions  for  internuclear  separa¬ 
tions  in  the  —  1-A  range.  The  Coulombic  N23+  curve  in¬ 
dicated  in  Fig.  4  shows  that  its  position  is  consistent  with 
the  magnitude  of  the  observed  N2+  kinetic  energies  for 
an  approximately  vertical  excitation  of  the  system  in  the 
potential-energy  region  —84  eV.  Furthermore,  within 
the  experimental  resolution  (  —  3  eV),  the  1 1  -  14-eV  range 
agrees  well  with  the  observed  N2+  energy  (  —  13  eV)  in 
the  soft-x-ray  studies2  stemming,  in  that  case,  from  N23  + 


1. 10  A 

internuclear  Distance 


FIG.  4.  A  partial  potential-energy  diagram  of  N2  indicating 
the  ground  N2  X  *  und  the  Coulombic  contributions  to 
several  ionized  species.  Assuming  vertical  excitation,  the  ion 
energies  observed  will  be  one-half  the  amount  indicated  for  the 
channels  (Nr  +  N  +  — 12.74  eV;  NJ+  +  N  +  — 25.5  eV; 
N^  +  N*— 38.2  eV).  The  N2t+N2  +  (51.0  eV)  was  not  ob¬ 
served.  See  text  for  discussion. 

formation  arising  from  a  2 a~2  level  with  the  assumption 
of  an  additional  shake-off  from  the  first  Auger  event. 

Overall,  the  observed  N+  and  N2+  distributions,  as¬ 
suming  that  the  ions  arise  from  the  decay  channels 
N  +  +  N  +  ,  N2+  +  N,  and  N2+  +N+,  all  appear  consistent 
with  nearly  vertical  excitation  of  the  N2  system  to  corre¬ 
sponding  N22+  and  N23+  configurations.  It  is  also 
known17  that  the  ionic  ground  and  low-lying  N2+  levels 
{X  22*,  A  2II„,  and  B  22j" )  all  have  equilibrium  internu¬ 
clear  separations  very  close  to  the  neutral  N2  ground 
stale  X  *2  Therefore,  the  removal  of  one  electron  from 
the  neutral  molecule  does  not  cause  appreciable  nuclear 
motion  or  displacement.  Excitation  to  higher-charge 
states,  however,  such  as  N22+  and  N23+,  generally  leads 
to  unstable  levels  which  will  cause  rapid  motion  of  the 
nuclei.  Since  N2  and  N2  h  are  stable  with  rN  =rN  the 

*  -F  * 

present  multiphoton  data  do  not  give  information  on  the 
removal  of  the  first  electron.  However,  the  observation 
of  dissociative  channels  from  N22+  and  N23  +  enables  an 
estimate  to  be  made  concerning  the  dynamics  of  electron 
removal  involving  those  systems. 

Consider  the  production  of  N23+  from  N2+  by  the 
sequential  mechanism 

miT  +  N2+— N22++e“  ,  (6) 

">2r  +  N22+— *N23  +  +e-  ,  (7) 

in  which  mi  and  m2  denote  the  number  of  ultraviolet 
quanta  involved.  The  observed  absence  of  appreciable 
nuclear  motion  in  the  formation  of  N23+  can  be  used  to 
estimate  a  residence  time  r  for  the  unstable  N22+  system. 
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This  gives  an  approximate  figure  for  the  electron  emis¬ 
sion  rate  for  the  physical  regime  being  studied.  For  this 
estimate  we  will  assume  that  the  N22 1  and  N23  molecu¬ 
lar  curves  are  dominated  by  the  Coulombic  interactions 
corresponding  to  N+  +  Nt  and  NJf +N1,  respectively. 
In  this  picture,  the  net  change  in  the  kinetic  energy  A<£  of 
the  N1+  fragment  produced  by  process  (5)  arising  from  a 
small  displacement  A r  in  the  N22i  (N++NM  system 
can  be  simply  represented  by 


r0  +  Ar 


(8) 


in  which  r0  is  the  initial  intcrnuclcar  distance.  The  data 
indicate  that 

r0— rN.  —  rN  f  -1.1  A  .  (9) 

1  2  * 


The  magnitude  of  A r  can  be  derived  from  Eq.  (8)  by 
equating  A^  with  the  shift  observed  in  the  N2  +  energies 
between  the  synchrotron  data2  and  the  multiphoton  re¬ 
sults  arising  from  the  N2+-FN  +  decay.  Since  no  shift 
was  observed,  we  use  the  experimental  energy  resolution 
Ae  of  N2  +  to  establish  an  upper  bound  A rm  on  this  dis¬ 
placement.  The  result  is 


A  rm  <r0 


1 

(e2/r0Ae)  —  1 


(10) 


which,  with  Ae=*3  eV,  gives  A r,„  <0.33  A.  The  corre¬ 
sponding  upper  bound  on  the  residence  time  rm  of  the 
Nj2+  system  can  be  evaluated  from  Eq.  (1)  with 
Z,  =Zj—  1,  the  parameter  fi  selected  so  that 


2 &a0  =  r0  , 


(11) 


and 


x  =ru  +  Arm  .  (12) 

This  gives  0=  1.04,  x  =s  1.43  A,  and  yields 

I'm  =2.35  fs  ,  (13) 

an  interval  that  is  only  three  periods  of  the  248-nm  wave. 
Therefore,  the  ion  energy  distributions  indicate  that  the 
lifetime  of  the  N22+  species,  as  an  intermediary  in  the 
production  of  N23  +  from  lower  charge  states  (N2  or 
N2+ ),  is  on  the  order  of  or  less  than  approximately  three 
cycles  of  the  wave. 

A  substantial  signal  of  N,+  ions  was  detected  with  the 
peak  in  the  distribution  occurring  at  —20  eV  as  shown  in 
Fig.  5.  If  we  assume  that  the  channel  producing  these 
ions  is 

Nj4+-*N1+  +  N+  ,  (14) 

and  further  assume  that  the  ionization  occurs  at  the  in- 
ternuclear  separation  implied  by  the  production  of  the 
N+  and  NI+  species,  the  energy  of  the  NJ+  fragment 
would  be  exactly  j-fold  the  energy  of  the  N2+  ion  pro¬ 
duced  in  the  N2+  +  N  +  reaction.  Given  the  peak  at 
— 12.8  eV  for  N2+  shown  in  Fig.  3,  the  expected  N3  +  ki¬ 
netic  energy  is  —19.1  eV,  a  value  very  close  to  the  mea¬ 
sured  maximum  of  the  distribution  at  —20  eV  and  indis- 


MG.  3.  Ion  current  (N1 '  )  vs  ion  kinetic  energy  for  mulnplio- 
•ou  ionization  of  N.  ut  248  mu.  A  prominent  component  exists 
in  the  19-20-eV  region. 


linguishablc  from  it  with  the  experimental  resolution  per¬ 
taining  to  this  measurement. 

We  note  that  the  N+  component  arising  from  reaction 
(14)  is  expected  to  be  difficult  to  observe.  The  fraction  of 
N  f  ions  produced  in  that  way  is  relatively  small  and  any 
conversion  of  N+  to  N2+  by  subsequent  ionization  would 
be  effectively  masked  by  the  Ar6  t  fiducial  signal  at  —20 
eV. 

Finally,  if  N23 is  regarded  as  an  intermediate  in  the 
formation  of  N24  +  ,  in  parallel  with  the  discussion  above 
concerning  N2+-ion  production  following  the  formation 
of  N23f,  a  maximum  residence  time  roughly  comparable 
to  that  found  for  N22  3  in  Eq.  (13)  is  found  to  apply. 

Similar  reasoning  concerning  the  generation  of  N2  + 
ions  from  the  N24l_  system  would  place  the  correspond¬ 
ing  N2+  energy  at  —25  eV,  a  point  for  which  no  signal  is 
evident  in  the  distribution  illustrated  in  Fig.  3.  Ap¬ 
parently,  the 

N244  —  N2t+N24  (15) 

channel  is  not  dynamically  favored  under  the  conditions 
studied  in  this  work,  although  clearly  energetically  acces¬ 
sible,  since  the  N2++N2+  potential  lies  in  Fig.  4  below 
the  corresponding  N3  +  +N  4  curve  for  all  values  of  inter- 
nuclear  separation  r  >  r0.  Interestingly,  reaction  (15)  has 
been  detected  in  other  studies  using  covariance  map¬ 
ping24  conducted  under  different  conditions  of  frequency, 
maximum  intensity,  and  pulsewidth.  One  was  performed 
ut  — 3XI015  W/cm2  at  —600  not  with  0.6-ps  pulses24 
while  another  was  conducted  at  —  2X  10,J  W/cm2  at  248 
tun  with  —  5-ps  pulses.23  The  values  of  these  intensities 
represent  peak  magnitudes  achieved  in  the  focus,  whereas 
the  intensity  of  —  ID14  W/cm2  pertaining  to  our  experi¬ 
ments  was  determined  by  averaging  over  the  central 
Airey  disk.  In  addition,  their  findings24  indicate  that  the 
molecular  transitions  lend  to  progress  in  a  rather  less 
vertical  fashion.  Although  not  strictly  applying  to  the  re¬ 
gime  studied,  the  Keldysh  formulation  indicates  that  ci¬ 
ther  lower  frequency  or  lower  intensity  would  reduce  the 
transition  rate.  Given  this  tendency,  und  because  the  cit¬ 
ed  experiments24,25  have  either  one  or  both,  it  is  not 
surprising  that  the  ionization  occurs  at  a  somewhat 
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greater  internudear  separation.  These  results  point  to 
sensitivities  of  the  multiphoton  amplitudes  with  respect 
to  frequency,  intensity,  and  pulse  width  which  require 
further  examination  in  future  work. 


IV.  CONCLUSIONS 

The  kinetic  energy  distributions  of  atomic  nitrogen 
ions  produced  from  N2  by  multiphoton  ionization  reveal 
several  characteristics  of  the  nonlinear  molecular  interac¬ 
tion.  In  comparison  to  soft-x-ray  excitation,  which  pro¬ 
duces  the  molecular  vacancies  by  Auger  cascade  and 
shake-off,  the  final  configurations  of  the  valence-shell 
holes  produced  by  the  multiphoton  and  soft-x-ray  excita¬ 
tion  appear  to  have  many  similarities. 

The  observed  kinetic-energy  distributions  of  the  N+, 
N2+, and  N1+  ions  produced  by  the  multiphoton  mecha¬ 
nism  all  find  consistent  explanation  if  it  is  assumed  that 
the  molecular  ionization  for  all  species  occurs  at  an  inter- 
nuclear  separation  close  to  the  equilibrium  value  for  neu¬ 
tral  N2.  Namely,  the  transitions  appear  to  occur  nearly 
vertically.  This  finding  enables  an  estimate  of  the 
effective  residence  time  of  intermediate  molecular  ionic 
states  to  be  made  with  the  outcome  that  this  interval  has 
an  upper  bound  on  the  order  of  a  few  optical  cycles  for 
N22+  and  N21+.  Since  must  of  the  deposited  energy  is  as¬ 
sociated  with  the  formation  of  the  higher-charge  states, 
the  implication  is  that  the  main  energy-transfer  process, 
when  it  occurs  in  the  course  of  the  interaction,  proceeds 
quite  rapidly.  A  peak  energy-transfer  rate  on  the  order  of 
a  few  milliwatts  per  molecule  is  inferred  from  these  re¬ 
sults.  Therefore,  a  mechanism  for  strong  coupling  is 
presumably  present. 

Four  molecular  decay  modes  are  identified  involving 
molecular-ion  states  with  a  charge  as  high  as  N24  +  .  They 
arc,  specifically,  N++N  +  ,  N  +  N2*,  N++N!t,  and 
N  +  +  NJ+.  It  is  notable  that  three  of  these  represent 
charge  asymmetric  modes  and  that  an  energetically  avail¬ 
able  symmetric  decay  channel  (N2++N2+)  was  ap¬ 
parently  not  present  at  a  detectable  level.  The  dynamics 
appear  to  favor  asymmetric  channels.  We  observe  that 
the  enhancement  of  an  asymmetric  mode,  such  as 
N  +  N2+,  is  a  mechanism  tending  to  cause  an  increase  in 


the  (N2  +  J/[N  +  )  fraction,  a  noted  feature  of  the  multi- 
photon  data  with  respect  to  comparison  with  the  yields 
observed  in  the  synchrotron  studies. 

A  simple  hypothesis  unites  the  rapid  energy  transfer, 
leading  to  vertical  molecular  transitions  with  the  ob¬ 
served  tendency  to  produce  charge  asymmetric  dissocia¬ 
tion.  The  presence  of  a  large  induced  dipole  arising  from 
a  multielectron  motion  will  enhance  the  ability  of  the  N2 
system  to  couple  to  the  field.  Such  a  dipole,  however, 
represents  a  large  asymmetric  displacement  of  charge,  a 
situation  that  would  naturally  lead  to  a  corresponding 
asymmetry  in  the  charge  states  of  the  dissociation  prod¬ 
ucts.  This  effect  would  be  expected  to  be  most  significant 
for  a  situation  involving  a  parallel  orientation  of  the 
molecular  axis  along  the  electric  vector  of  the  ultraviolet 
wave.7  In  this  sense,  the  observed  charge  asymmetry  of 
the  ionic  products  is  merely  a  remnant  of  the  induced 
electronic  motions.  Interestingly,  the  driven  excursion  of 
a  free,  electron  at  ~  1016  W/cm2  in  a  248-nm  field  is 
~8.4  A,  a  value  more  than  7  times  larger  than  the  equi¬ 
librium  internudear  separation  of  N2.  Even  with  a  con¬ 
siderable  reduction  of  the  scale  of  this  motion  arising 
from  the  restoring  binding  forces  in  the  molecule,  a  sub¬ 
stantial  charge  displacement  of  the  outer  molecular  elec¬ 
trons  is  expected  under  these  conditions.  A  system 
behaving  in  this  way  does  not  decide  its  fate  on  the  basis 
of  the  energy  scale  associated  with  potential  final  states, 
but  rather  selects  the  dynamical  mode  of  interaction 
which  favors  the  strongest  coupling.  Hints  of  similar  be¬ 
havior  were  seen  in  earlier  studies  of  the  atomic  number 
dependence  of  multiphoton  ionization  of  atoms.26  Conse¬ 
quently,  the  final  states  to  which  such  electronic  motions 
are  related  become  prominent  in  the  observed  distribu¬ 
tions  of  the  ionic  products. 
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